
DOCTORAL THESIS

Novel Spent Dialysate 
Based Optical Methods: 
Towards More Universal 
Dose Quantification of 
Haemodialysis

Joosep Paats

TALLINNA TEHNIKAÜLIKOOL

TALLINN UNIVERSITY OF TECHNOLOGY 
TALLINN 2025



TALLINN UNIVERSITY OF TECHNOLOGY 
DOCTORAL THESIS 

49/2025 

Novel Spent Dialysate Based Optical 
Methods: Towards More Universal Dose 

Quantification of Haemodialysis 

JOOSEP PAATS 



TALLINN UNIVERSITY OF TECHNOLOGY 
School of Information Technologies, Department of Health Technologies  
Curriculum: School of Science 
This dissertation was accepted for the defence of the degree of Doctor of Philosophy in 
Biomedical Engineering and Medical Physics on 16/06/2025  

Supervisor: Prof. Ivo Fridolin 
School of Information Technologies 
Tallinn University of Technology 
Tallinn, Estonia 

Co-supervisor: MD, PhD Merike Luman 
School of Information Technologies 
Tallinn University of Technology 
Tallinn, Estonia 

Opponents: Associate Prof. Fokko Wieringa 
Artificial Kidney Lab 
Universitair Medisch Centrum Utrecht 
Utrecht, Netherlands 

Prof. MD Aivars Pētersons 
Department of Internal Diseases 
Riga Stradiņš University 
Riga, Latvia 

Defence of the thesis: 15/07/2025, Tallinn 

Declaration: 
Hereby I declare that this doctoral thesis, my original investigation and achievement, 
submitted for the doctoral degree at Tallinn University of Technology has not been submitted 
for doctoral or equivalent academic degree. 

Joosep Paats 

signature 

Copyright: Joosep Paats, 2025  
ISSN 2585-6898 (publication) 
ISBN 978-9916-80-328-8 (publication) 
ISSN 2585-6901 (PDF) 
ISBN 978-9916-80-329-5 (PDF) 
DOI   https://doi.org/10.23658/taltech.49/2025

Paats, J. (2025). Novel Spent Dialysate Based Optical Methods: Towards More Universal Dose 
Quantification of Haemodialysis [TalTech Press]. https://doi.org/10.23658/taltech.49/2025

https://digikogu.taltech.ee/et/Item/f2808205-001d-45c0-93b9-725b09a49f95


TALLINNA TEHNIKAÜLIKOOL 
DOKTORITÖÖ 

49/2025 

Uudsed dialüsaadipõhised optilised 
meetodid universaalsema hemodialüüsravi 

doosi määramiseks  

JOOSEP PAATS 





5 

Contents 
List of publications ............................................................................................................ 7 
Author’s contribution to the publications ........................................................................ 8 
Other related publications ................................................................................................ 9 
Introduction .................................................................................................................... 10 
Abbreviations .................................................................................................................. 12 
1 Kidneys and kidney replacement therapy .................................................................... 13 
1.1 Kidneys ...................................................................................................................... 13 
1.2 Chronic kidney disease and kidney failure ................................................................ 14 
1.3 Haemodialysis ........................................................................................................... 15 
1.3.1 Dialyser membranes and haemodialysis modalities .............................................. 16 
1.3.2 Solutes removal during haemodialysis .................................................................. 17 
2 Uraemic solutes............................................................................................................ 19 
2.1 Classification of uraemic solutes ............................................................................... 19 
2.1.1 Endogenous kidney function markers .................................................................... 20 
2.2 Analysis methods of uraemic solutes ........................................................................ 21 
3 Haemodialysis treatment adequacy ............................................................................ 23 
4 Optical monitoring of dialysis adequacy ...................................................................... 26 
4.1 Optical properties of spent dialysate ........................................................................ 26 
4.2 Bouguer-Beer-Lambert law and fluorescence intensity of spent dialysate .............. 26 
Aim of the study .............................................................................................................. 29 
5 Experimental methods ................................................................................................. 30 
5.1 Clinical studies ........................................................................................................... 30 
5.2 HPLC analysis (Publication II, III)................................................................................ 32 
5.2.1 Sample preparation ................................................................................................ 32 
5.2.2 HPLC system and analysis conditions ..................................................................... 32 
5.3 Clinical laboratory analysis (Publication I, II, III) ........................................................ 33 
5.4 Optical measurements (Publications I, III) ................................................................ 34 
5.5 Data analysis ............................................................................................................. 34 
5.5.1 Development of predictive models ........................................................................ 34 
5.5.2 Haemodialysis efficacy parameters ....................................................................... 35 
5.5.3 Statistical tests ....................................................................................................... 36 
6 Results and discussion.................................................................................................. 37 
6.1 Intradialytic removal monitoring of B2M using spent dialysate (Publication I) ........ 37 
6.2 Estimation of intradialytic blood time-averaged concentration of uraemic toxins 
using spent dialysate (Publication II) .............................................................................. 40 
6.3 Intradialytic monitoring of kidney function marker C-mannosyl tryptophan using 
spent dialysate (Publication III) ....................................................................................... 41 
Conclusions ..................................................................................................................... 44 
References ...................................................................................................................... 45 
Acknowledgements ......................................................................................................... 62 
Abstract ........................................................................................................................... 63 



6 

Lühikokkuvõte ................................................................................................................. 65 
Appendix 1 – Overview of the clinical set-up .................................................................. 67 
Appendix 2 – Publication I............................................................................................... 69 
Appendix 3 – Publication II.............................................................................................. 87 
Appendix 4 – Publication III............................................................................................. 99 
Curriculum vitae ............................................................................................................ 113 
Elulookirjeldus ............................................................................................................... 114 



7 

List of publications 
The list of author’s publications, on the basis of which the thesis has been prepared: 

I Paats, J., Adoberg, A., Arund, J., Fridolin, I., Lauri, K., Leis, L., Luman, M., Tanner, R. 
(2021). Optical Method and Biochemical Source for the Assessment of the Middle-
Molecule Uremic Toxin β2-Microglobulin in Spent Dialysate. Toxins, 13, 255. 
https://doi.org/10.3390/toxins13040255 

II Paats, J., Adoberg, A., Arund, J., Dhondt, A., Fernström, A., Fridolin, I., Glorieux, G., 
Gonzalez Parra, E., Holmar, J., Leis, L., Luman, M., Perez-Gomez, V. M., Sanchez-
Ospina, D., Segelmark, M., Uhlin, F., Ortiz, A. (2023). Time-averaged concentration 
estimation of uraemic toxins with different removal kinetics: a novel approach based 
on intradialytic spent dialysate measurements. Clinical Kidney Journal, 16(4), 735–744. 
https://doi.org/10.1093/ckj/sfac273 

III Paats, J., Adoberg, A., Leis, L., Arund, J., Lauri, K., Luman, M., Tanner, R., Holmar, J., 
Pilt, K., Fridolin, I. (2025). Intradialytic optical assessment of C-mannosyl tryptophan 
removal using spent dialysate. Scientific Reports, 15(1), 20052. 
https://doi.org/10.1038/s41598-025-01844-z 



8 

Author’s contribution to the publications 
Contribution to the papers in this thesis are: 

I Major role in manuscript writing, sample preparation, spectrophotometric and 
spectrofluorometric data processing, data analysis and development of predictive 
model. 

II Major role in manuscript writing, sample preparation, chromatographic analysis, 
data processing and data analysis. 

III Major role in manuscript writing, sample preparation, chromatographic analysis, 
spectrophotometric and spectrofluorometric data processing, data analysis and 
development of predictive model. 



9 

Other related publications 
1. Paats, J., Adoberg, A., Arund, J., Dhondt, A., Fernström, A., Fridolin, I., Glorieux,

G., Leis, L., Luman, M., Gonzalez-Parra, E., Perez-Gomez, V. M., Pilt, K., Sanchez-
Ospina, D., Segelmark, M., Uhlin, F., & Arduan Ortiz, A. (2020). Serum Levels and
Removal by Haemodialysis and Haemodiafiltration of Tryptophan-Derived Uremic
Toxins in ESKD Patients. International Journal of Molecular Sciences, 21(4), 1522.
https://doi.org/10.3390/ijms21041522

2. Adoberg, A., Paats, J., Arund, J., Dhondt, A., Fridolin, I., Glorieux, G., Holmar, J.,
Lauri, K., Leis, L., Luman, M., Pilt, K., Uhlin, F., & Tanner, R. (2022). Treatment with
Paracetamol Can Interfere with the Intradialytic Optical Estimation in Spent
Dialysate of Uric Acid but Not of Indoxyl Sulfate. Toxins, 14(9), 610.
https://doi.org/10.3390/toxins14090610

3. Holmar, J., Arund, J., Adoberg, A., Leis, L., Luman, M., Paats, J., Pilt, K., Tanner, R.,
& Fridolin, I. (2023). Optical Real-Time Cardiorenal Toxin Uric Acid Measurement
During Hemodialysis Using a Miniaturized Optical Sensor. 2023 45th Annual
International Conference of the IEEE Engineering in Medicine & Biology Society
(EMBC), 1–4. https://doi.org/10.1109/EMBC40787.2023.10340379

4. Leis, L., Adoberg, A., Paats, J., Holmar, J., Arund, J., Karai, D., Luman, M., Pilt, K.,
Taklaja, P., Tanner, R., & Fridolin, I. (2023). Hemodialysis Optical Monitoring
Toward Greener Technology: A Potential for Water Saving Dialysis Treatment. In
Nordic-Baltic Conference on Biomedical Engineering and Medical Physics (pp.
162–171). https://doi.org/10.1007/978-3-031-37132-5_21

5. Arund, J., Tanner, R., Fridolin, I., & Paats, J. (2024). Multiparametric optical
method and device for determining uremic solutes, including uremix toxins, in
biological fluids (US20240102930A1). U.S. Patent and Trademark Office.
https://worldwide.espacenet.com/publicationDetails/biblio?CC=US&NR=202410
2930A1&KC=A1&FT=D

6. Paats, J., Arund, J., Pilt, K., Adoberg, A., Leis, L., Luman, M., Holmar, J., Tanner, R.,
& Fridolin, I. (2024). Online Uric Acid Concentration Estimation in Blood from
Spent Dialysate Measurements Using an Optical Sensor. In T. Jarm, R. Šmerc, & S.
Mahnič-Kalamiza (Eds.), IFMBE Proceedings (pp. 178–187). Springer.
https://doi.org/10.1007/978-3-031-61628-0_20



10 

Introduction 
Chronic kidney disease (CKD) is a non-communicable disease that affects over 8% of the 
global population (Jager et al., 2019; Guo et al., 2025) and is a major driver of premature 
mortality (Kovesdy, 2022; A. Francis et al., 2024). In the end stage of CKD (ESKD), 
life-sustaining kidney replacement therapy (KRT) is required to remove uraemic solutes 
and excessive fluid, normally excreted by the kidneys, and thereby prevent death from 
uraemic syndrome (Vanholder et al., 2018, 2025). Globally, around 4 million patients are 
receiving KRT of which haemodialysis (HD) accounts for approximately 70% (Bello et al., 
2022), with this figure reaching up to 98% in Japan (Hasegawa et al., 2025).  

However, ESKD patients on chronic HD have amongst the highest mortality (Boenink 
et al., 2024; Flythe & Watnick, 2024) and the lowest health-related quality of life reported 
in patients with chronic diseases (Ranchin & Shroff, 2024; van Oevelen et al., 2024), 
despite advancements in HD treatment technologies and patient outcomes (Canaud et 
al., 2020; Bello et al., 2022). Therefore, improvements in HD treatment quality and 
adequacy are essential to enhance the long-term prognosis of ESKD patients.  

Although it has been acknowledged and advocated that HD treatment adequacy 
should be more personalised and multidimensional (Chan et al., 2019; Rosner et al., 
2021; Torreggiani et al., 2021), Kt/V urea remains the basic recommended measure in 
clinical guidelines for dialysis dose quantification regardless of insufficiently representing 
removal of other clinically significant uraemic solutes (Meyer et al., 2011; Vanholder, 
Glorieux, et al., 2015; Rosner et al., 2021). Indeed, it has been proposed to prescribe HD 
dose using multiple measures, including clearance of additional biomarkers such as 
prototypical middle molecule β-2-microglobulin (B2M), and residual kidney function as 
measures among other biological and clinical markers (Chan et al., 2019; Vanholder 
et al., 2019; Rosner et al., 2021; Torreggiani et al., 2021).  

On the other hand, it has been suggested that the impact of HD treatment, 
independent of dialysis strategies, on different solutes removal could be best described 
by the actual blood concentrations of uraemic solutes over a period, i.e., time-averaged 
concentration (TAC) (Eloot et al., 2009, 2012), or using pre-dialysis concentrations 
(Rosner et al., 2021). Still, implementation of these suggestions in practice requires 
methods and measurement tools for evaluating and monitoring biomarker-related 
measures, which can be challenging due to the lack of availability of cheap, easily 
performed, and accurate technologies (Canaud et al., 2020; Rosner et al., 2021; Torreggiani 
et al., 2021).  

Non-invasive spent dialysate based traditional Kt/V urea monitoring technologies are 
proven to be reliable, cost-effective alternatives for conventional blood sample-based 
analysis, using enzymatic-, conductivity- and optical sensors for spent dialysate analysis 
(Lindsay & Sternby, 2001; Rački et al., 2005; Uhlin et al., 2006; Kanagasundaram et al., 
2008; Castellarnau et al., 2010). Furthermore, fluorescence and ultraviolet (UV) 
absorption measurements of spent dialysate have shown broader applicability for 
real-time and on-line monitoring of prototypical marker molecules of protein-bound and 
small water-soluble uraemic solutes, such as indoxyl sulfate (IS) and uric acid (UA) with 
reasonable accuracy for clinical practice (Holmar et al., 2012; Arund et al., 2024; Paats 
et al., 2024). Yet, a reliable optical method for middle molecules marker removal 
monitoring has not been developed despite attempts (Holmar et al., 2011; Lauri et al., 
2020; Uhlin et al., 2015). 
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In addition, the preservation of residual kidney function remains of great importance 
for ESKD patients as it contributes to the removal of uraemic solutes and maintaining 
homeostasis (Davenport, 2017; Torreggiani et al., 2021). Nevertheless, monitoring of 
residual kidney function of ESKD patients remains challenging with the current 
techniques for which endogenous kidney function marker-based (such as creatinine, 
cystatin C, B2M, β-trace protein) equations are potential alternatives (Shafi et al., 2016; 
Davenport, 2017; Shafi & Levey, 2018).  

C-mannosyl tryptophan (CMW) is a novel endogenous kidney function marker
(Yonemura et al., 2004; Sekula et al., 2016), which levels are strongly related to 
glomerular filtration rate (GFR), and one of the strongest and independent markers of 
GFR decline and health outcomes such as death in the cohort of non-dialysis CKD patients 
(Steinbrenner et al., 2021, 2024; van der Burgh et al., 2024). Therefore, knowledge of 
CMW levels of ESKD patients could be useful for monitoring residual kidney function and 
evaluating the overall effectiveness of HD treatment in lowering uraemic solutes. While 
CMW is an intrinsic fluorophore (Horiuchi et al., 1994; Gutsche et al., 1999), no attempt 
has been made so far to evaluate CMW concentration in spent dialysate using optical 
methods and removal characteristics of CMW during HD remain unknown. 

The purpose of this thesis was to explore novel spent dialysate based optical methods, 
which could be applied for more universal dose quantification of HD with the potential 
of ensuring more adequate HD treatment. In specific, the thesis focused on development 
of predictive models based on optical measurements of spent dialysate using a 
spectrophotometer and a spectrofluorometer to monitor removal of B2M as a marker of 
middle molecules and evaluate intradialytic levels and removal of endogenous kidney 
function marker CMW. Furthermore, the feasibility of estimating intradialytic serum TAC 
values from spent dialysate concentrations was studied. 

The thesis is prepared based on three publications. Publication I explores the 
contribution of middle molecules to the optical properties of spent dialysate and provides 
a novel advanced optical method based on the UV absorbance and fluorescence of the 
spent dialysate for the evaluation of B2M haemodialytic removal and concentration in 
spent dialysate as a marker of middle-sized uremic retention molecules. Publication II 
studies the feasibility of estimating intradialytic TAC of clinically relevant prototypical 
uraemic solutes of urea, UA, IS, and B2M in blood from spent dialysate measurements 
using high-performance liquid chromatography (HPLC). Publication III evaluates levels of 
an endogenous novel biomarker CMW in ESKD patients’ blood and spent dialysate during 
the dialysis for the first time and investigates the possibility of optics-based estimation 
of haemodialytic removal and TAC of CMW. 
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Abbreviations 
AGEs advanced glycation end-products 
B2M β-2-microglobulin 
CKD chronic kidney disease 
CMW C-mannosyl tryptophan
eGFR estimated glomerular filtration rate 
ESI electrospray ionisation 
ESKD end stage kidney disease 
EUTox European Uremic Toxin Work Group 
GFB glomerular filtration barrier 
GFR glomerular filtration rate 
HD haemodialysis 
HDF haemodiafiltration 
HPLC high-performance liquid chromatography 
IS indoxyl sulfate 
KDIGO Kidney Disease: Improving Global Outcomes 
KRT kidney replacement therapy 
Kt/V dialysis dose efficacy parameter 
Kuf ultrafiltration coefficient 
MlnD logarithmic mean concentration of a solute in spent dialysate 
Qb blood flow rate 
Qd dialysate flow rate 
RR reduction ratio 
SC sieving coefficient 
spKt/V single-pool Kt/V 
TAC time-averaged concentration 
TDC total dialysate collection 
TRS total removed solute 
UA uric acid 
URR urea reduction ratio 
UV ultraviolet 
Vs substitution volume 
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1 Kidneys and kidney replacement therapy 

1.1 Kidneys 
The kidneys (Latin: renes) are paired, bean-shaped organs located in the retroperitoneal 
space of the abdominal cavity. They form a functional part of the urinary system and are 
essential for maintaining homeostasis in the human body by controlling the volume, ionic 
constituent, osmolarity, and pH of plasma, as well as removing metabolic waste products 
and exogenous substances from plasma to urine. These functions are accomplished 
through regulation of the excretion rates of water, specific ions (Na+, K+, Ca2+, Mg2+, Cl-, 
HCO3-, H+, HPO42- and H2PO4-), solutes (e.g., urea and creatinine), and their relative 
excretion rates into urine. Additionally, kidneys are involved in the production or 
metabolism of hormones, such as adrenaline, angiotensin II, and vitamin D. (Stanfield, 
2013). 

The functional units of the kidney are the nephrons (Figure 1), where blood is purified 
and urine is formed based on processes of filtration, reabsorption, secretion and 
excretion.  

Figure 1. Kidney and nephron (National Institute of Diabetes and Digestive and Kidney Diseases, 2024). 

At rest state, 20–25% of the cardiac output is directed to the kidneys. The first step of 
blood purification in nephrons involves glomerular filtration, which is the ultrafiltration 
of plasma through the glomerular capillaries to Bowman’s capsule, producing glomerular 
filtrate, also termed primary urine. In healthy young adults, about 180 L of primary urine 
is produced per day, corresponding to a GFR of 125 mL/min (Julian et al., 2009; Stanfield, 
2013).  

The composition of glomerular filtrate resembles that of plasma, except it lacks cells 
and most of the plasma proteins, which is determined by the properties of the 
glomerular filtration barrier (GFB) between the glomerular capillaries and Bowman’s 
capsule (Haraldsson et al., 2008; Julian et al., 2009). The GFB is structurally complex, 
being composed primarily of glomerular endothelial cells, glomerular basement 
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membrane, and podocytes, which together achieve highly size- and charge-dependent 
permeability-selectivity of solutes (Haraldsson et al., 2008; Menon et al., 2012). Often, 
the permeability of the GFB for a solute with ultrafiltration is characterised by the sieving 
coefficient (SC), which is the ratio of a solute concentration in the filtrate to the solute 
concentration in plasma water in the absence of a diffusion gradient, with values ranging 
from 0 (no passage) to 1 (free passage) (Ronco, 1998). Specifically, macromolecules with 
molecular weight of 60–70 kDa, such as albumin, are largely retained in the capillary 
lumen and have negligible SC close to 0, whereas molecules with molecular weight 
< 20 kDa, such as urea, water, electrolytes, proteins, and glycose permeate the GFB freely 
(Haraldsson et al., 2008; Julian et al., 2009). 

Next, glomerular filtrate flows through the renal tubules, from where water and 
solutes are actively and passively transported to the interstitial fluid surrounding tubules 
and are thereafter reabsorbed into the peritubular capillaries by diffusion. This includes 
glucose, amino acids, proteins, and electrolytes. Additionally, some solutes diffuse or are 
actively and selectively secreted from the peritubular capillaries to the interstitial fluid 
and then through the renal tubular cells into the ultrafiltrate, in a process reverse to 
reabsorption (Stanfield, 2013). 

The resulting fluid is directed to collecting ducts from individual nephrons where the 
fluid’s composition is further modified similarly before being excreted as a urine, 
approximately 1–2 L per day (Stanfield, 2013).  

1.2 Chronic kidney disease and kidney failure 
With aging, GFR declines gradually over time, even in the absence of comorbidities or 
CKD, with a decline rate between 0.37 and 1.07 mL/min/year for healthy adults (Guppy 
et al., 2024). In the presence of disease, GFR decline or impairment of other kidney 
functions can occur at an increased rate and lead to CKD, for which diabetes mellitus, 
hypertension, and heart disease are the leading underlying causes (A. Francis et al., 
2024). 

According to the Kidney Disease: Improving Global Outcomes (KDIGO) 2024 guidelines 
(P. E. Stevens et al., 2024), CKD is defined as usually irreversible abnormalities of kidney 
structure or function, present over 3 months, with health implications. Various markers 
of kidney damage are used to characterise specific functions of kidneys (Tesch, 2010; 
Zhang & Parikh, 2019), with the most used markers for CKD determination being 
GFR < 60 mL/min per 1.73 m2 of body surface area, or urine albumin-to-creatinine ratio 
> 30 mg/g (> 3 mg/mmol). In clinical decision-making, CKD categorisation and
progression monitoring, estimated GFR (eGFR) values are mainly used (P. E. Stevens
et al., 2024), calculated using equations based on endogenously produced creatinine
levels in serum, rather than measuring plasma clearance of exogenous filtration markers
(L. A. Stevens & Levey, 2009).

CKD is a progressive disease, and if uncontrolled, it can lead to ESKD, i.e., chronic 
kidney failure or stage 5 of CKD, when GFR has dropped below 15 mL/min per 1.73 m2 of 
body surface area (P. E. Stevens et al., 2024). Independent of CKD, kidney failure can also 
occur acutely, often as a complication of another serious illness, trauma, or intoxication, 
which can be reversible. In either case, KRT is required for patient survival, chronically or 
temporarily, to remove excessive fluid and waste products. 

KRT can be applied to patients in the form of kidney transplantation or blood 
purification via dialysis. Dialysis options include peritoneal dialysis or HD, which use the 
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peritoneum (a serous membrane inside the abdomen) or an artificial kidney for blood 
purification, respectively.  

Although transplantation is the preferred modality of KRT for cost-effectiveness and 
patient survival, it is not available for all ESKD patients due to a shortage of organ donors 
or contraindications for transplantation (Abecassis et al., 2008). Therefore, HD is the 
most common option at the initiation of KRT (Boenink et al., 2024) and accounts for 
approximately 70% of all KRT and about 90% of all dialysis treatment (Bello et al., 2022). 
Despite being a life-sustaining therapy and an interim solution for patients awaiting 
a kidney transplant, HD does not replace all the kidney functions, such as metabolic, 
endocrine, and immune functions, or selective secretion of substances. Moreover, 
the simultaneous removal of all uraemic solutes remains challenging (Rosner et al., 
2021). Consequently, ESKD patients, who are mainly on intermittent HD treatment, 
suffer from symptoms related to uraemia due to the accumulation of uraemic solutes 
(Vanholder et al., 2018), and the five-year survival rate after initiation of HD treatment is 
roughly around 40% (Boenink et al., 2024; Flythe & Watnick, 2024). 

1.3 Haemodialysis 
During HD treatment, the patient’s blood is transported extracorporeally through an 
artificial dialyser, which is composed of semipermeable hollow fibres, surrounded by 
dialysis solution flowing counter current to the blood in the fibres (Figure 2). 

Figure 2. Haemodialyser and haemodialysis machine in post-dilution haemodiafiltration regime.  
In case of zero net ultrafiltration, ultrafiltration rate is equal to substitution fluid’s flow rate (Qsub) 
and spent dialysate flow rate (Qsp) is the sum of Qsub and dialysate flow rate (Qd); with Qb marking 
the blood flow rate.  

In maintenance HD, the movement of solutes across the semipermeable membrane 
of fibres is bidirectional, and the removal of substances from the bloodstream is mainly 
driven by mechanisms of diffusion and convection. These processes are influenced by 
the properties of the specific dialyser and treatment settings, such as the flow rates of 
blood and dialysis solution, and the transmembrane pressure of a dialyser, which are 
regulated with HD’s machine (Azar & Canaud, 2013). 
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1.3.1 Dialyser membranes and haemodialysis modalities 
To achieve biocompatibility and size-selective removal of substances during HD, various 
types of polymers are used to manufacture dialyser membranes (Tangvoraphonkchai & 
Davenport, 2017), with polysulfone-based membranes being the most used membranes 
in HD treatment (Ronco & Clark, 2018; Bowry & Chazot, 2021). Regardless of the 
composition, hollow fibres of modern dialysers have a relatively standard inner diameter 
of 180–220 μm, wall thickness of 20–50 µm and length of 20–24 cm; with thousands of 
fibres together resulting in a total membrane surface area in range of 1.4 to 2.2 m2 (Clark 
et al., 2017; Ronco & Clark, 2018). 

Apart from fibre dimensions and physiochemical properties of the membrane, the 
main properties of the membrane that influence the efficacy of solutes removal are 
morphological: mean pore size, size distribution, and porosity of the membrane. In terms 
of size-dependent membrane permeability, the solute is able to permeate the 
membrane if the mean pore size of membrane is higher than that of the specific solute 
(Ronco & Clark, 2018; Bowry & Chazot, 2021). 

In addition to the abovementioned, other parameters can be used to characterise 
properties of dialyser membranes, such as the ultrafiltration coefficient (Kuf), the 
diffusive mass transfer coefficient, hydrophilicity, and sieving curves (Ronco & Clark, 
2018). 

Along with the development of dialyser membranes, contemporary classification of 
membranes has been proposed based on the water permeability, characterised by Kuf, 
and the permeability of membranes for different solutes (Ronco & Clark, 2018; 
García-Prieto et al., 2023). Accordingly, dialysers are categorised as low-flux 
(Kuf < 20 mL/min/mmHg) and high-flux (Kuf > 20 mL/min/mmHg) (Bowry et al., 2021), 
medium cut-off or high cut-off (Ronco & Clark, 2018), with each dialyser having different 
SC for solutes in terms of molecular weight (Figure 3) (Storr & Ward, 2018; García-Prieto 
et al., 2023). Meanwhile, medium cut-off membranes are considered to have sieving 
curves closest to native GFB (Storr & Ward, 2018). 

Figure 3. Classification of dialyser membranes according to the water permeability and sieving 
coefficients (SC) to low-flux (LF), high-flux (HF), medium cut-off (MCO) and high cut-off (HCO) 
membranes. The horizontal lines of molecular weight cut-off (MWCO) and molecular weight 
retention onset (MWRO) correspond to SC values of 0.1 and 0.9, respectively, adapted with 
permission from SNCSC (Ronco & Clark, 2018). 
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Moreover, HD modalities are distinguished based on the dominant mechanism of 
solutes removal as conventional HD (diffusion), hemofiltration (convection), or 
haemodiafiltration (HDF), which combines both diffusion and convection (Azar & 
Canaud, 2013). To compensate for the loss of blood volume during HDF therapy due to 
ultrafiltration, sterile substitution fluid, with a composition similar to the dialysis solution, 
is directed to the bloodstream either up- or downstream (in pre- or post-dilution HDF, 
respectively) of the dialyser (Canaud et al., 2024). In clinical practice, the type of modality, 
dialyser, and treatment settings are chosen based on the patient-specific clinical needs 
(Azar & Canaud, 2013). 

1.3.2 Solutes removal during haemodialysis 
In the case of using HDF modality and dialysers with the negligible effect of adsorption 
on solutes removal, such as polysulfone-based dialysers (Ficheux et al., 2011), the clearance 
of blood from uraemic solutes by a dialyser can be described using blood-side 
measurements as: 

𝐾𝐾Tot = 𝐾𝐾Diff +  𝐾𝐾Conv =
𝑄𝑄b ⋅ (𝐶𝐶Bi − 𝐶𝐶Bo)

𝐶𝐶Bi
+  𝑄𝑄F ⋅  

𝐶𝐶Bo
𝐶𝐶Bi

, (1)

where KTot is the total volume of blood completely cleared of a given solute per unit time 
[L⋅min-1] through a combination of diffusive KDiff and convective KConv clearances; Qb is the 
blood flow rate into the dialyser [L⋅min-1], QF is the ultrafiltration rate [L⋅min-1] and CBi 
and CBo are blood inlet and outlet concentrations of a given solute [mmol⋅L-1], 
respectively (Sargent & Gotch, 1979). In other words, whole blood clearance (KTot) is the 
ratio of mass removal rate to the blood concentration of a solute (CBi) (Clark, 2001). 

Therefore, in addition to the blood-side measurements, the clearance of a substance 
from blood can be quantified from spent dialysate measurements with the knowledge of 
CBi due to mass balance across the dialyser: 

𝐾𝐾D =  
𝑄𝑄d ⋅ 𝐶𝐶Do
𝐶𝐶Bi

, (2)

where KD is dialysate-side solute clearance, Qd is the flow rate of dialysate [L⋅min-1], and 
CDo is outlet concentrations of a given solute in spent dialysate [mmol⋅L-1] (Clark, 2001).  

As the primary mechanism of solute removal for smaller solutes is diffusion and 
clinically applied convection rates have a smaller effect (Ficheux et al., 2000) on the total 
clearance, Equation 1 can be simplified as follows (Sargent & Gotch, 1979): 

𝐾𝐾Tot = 𝐾𝐾Diff =
𝑄𝑄b ⋅ (𝐶𝐶Bi − 𝐶𝐶Bo)

𝐶𝐶Bi
=  

𝑄𝑄d ⋅ 𝐶𝐶Do
𝐶𝐶Bi

. (3)

If the dialyser remains functional during HD and treatment settings, such as Ktot and 
Qd are known, the blood concentration of smaller solutes can be estimated from solutes’ 
spent dialysate concentrations (Fridolin et al., 2002; Ficheux et al., 2010): 

𝐶𝐶Bi =  
𝑄𝑄d
𝐾𝐾Tot 

 ⋅ 𝐶𝐶Do. (4)

However, according to the Fick’s law of diffusion (Ronco, 1998), the solute’s diffusive 
removal depends on its diffusion coefficient, which is inversely related to the particle 
radius as per the Stokes–Einstein relation (Pstras et al., 2022). Consequently, diffusive 
clearance decreases with increasing solute molecular weight, while the contribution of 
convective removal to total clearance increases for larger molecules when using the HDF 
modality (Clark et al., 2017). Therefore, when predicting blood concentrations of larger 
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solutes, convective clearance should be accounted for, which depends on the ultrafiltration 
rate and SC of a specific dialyser for a solute (Ronco, 1998).  

Although in vivo measured SC of marker molecules could be available for dialysers, 
these are not directly applicable in clinical settings due to membrane and blood 
interactions, which can cause secondary membrane formation and concentration 
polarisation that affects the efficacy of convective solute clearance and results in 
discrepancies between blood-side and dialysate-side measurements (Röckel et al., 1986; 
Clark, 2001; Hulko et al., 2018; Ronco & Clark, 2018; Melchior et al., 2021; Zawada et al., 
2022). This increases the complexity of predicting blood concentrations of larger solutes. 

Nonetheless, for smaller solutes, diffusive clearance is primarily affected by the blood 
flow rate, described by a parabolic function (Ronco, 1998; Ouseph & Ward, 2001; 
Bhimani et al., 2010; Azar & Canaud, 2013), and the clearance values for individual 
solutes can be precisely predicted with the knowledge of treatment settings (Ficheux 
et al., 2000). 

Although HD treatment is conventionally prescribed for ESKD patients thrice weekly 
with 3-4 hours per session (Htay et al., 2021), these patients still suffer from symptoms 
of uraemia, caused by uraemic solutes with diverse physicochemical characteristics and 
dialytic removal patterns that complicates their removal with HD as efficiently as with 
kidneys (Vanholder et al., 2018; Rosner et al., 2021). 
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2 Uraemic solutes 
Uraemia, uraemic syndrome in other words, can be described as a malfunctioning of 
different organ systems, which results from the accumulation of organic waste products 
that would be excreted or metabolised by the kidneys under normal conditions, leading to 
increased morbidity and mortality (Meyer & Hostetter, 2007; Glassock, 2008; Vanholder 
et al., 2018). 

Several hundred different uraemic retention solutes have been identified that have 
elevated levels in uraemia (Duranton et al., 2012; Tanaka et al., 2015; Vanholder et al., 
2018; Hu et al., 2022; European Uremic Toxins Work Group, 2025). Specifically, uraemic 
solutes that contribute to the uraemic syndrome and may directly exert pathophysiological 
effects are termed uraemic toxins based on experimental research, observational studies, 
and randomised controlled trials (Vanholder et al., 2018, 2025).  

2.1 Classification of uraemic solutes 
Historically, uraemic solutes have been subdivided into three main groups by the 
European Uremic Toxin Work Group (EUTox), considering their physicochemical 
characteristics that affect dialytic removal: small, middle, and protein-bound uraemic 
solutes (Vanholder et al., 2003). However, a more recent classification (Rosner et al., 
2021) proposes further distinguishing subgroups of middle molecules (Table 1), as the 
effect of convective therapies and different HD membranes on their clearance 
significantly varies among these subgroups. To describe the removal of a myriad of 
uraemic solutes from different classes, the usage of representative biomarkers with 
correlation to clinical symptoms and outcomes has been proposed (Rosner et al., 2021), 
also considered as known markers in Publication I, II, and III of this thesis. 

Table 1. Classification of uraemic solutes and selected prototype biomarkers with known toxicity. 

Class of molecules Molecular 
weight 

Prototype 
biomarkers 

Molecular 
weight of the 
prototype 

Small water-soluble 
molecules 

< 500 Da Urea, uric acid 60 Da; 168 Da 

Protein-bound molecules Mostly 
< 500 Da 

Indoxyl sulfate 213 Da 

Middle molecules 
- small-middle

molecules 
- medium-middle

molecules 
- large-middle

molecules

(0.5–15 kDa) 

(> 15–25 kDa) 

(> 25–58 kDa). 

β-2-microglobulin 

κ- light chain 

λ- light chain 

11.8 kDa 

22.5 kDa 

45 kDa 

Within the group of small water-soluble molecules, solutes’ clearance in the dialyser 
is high and similar among solutes, primarily determined by diffusion (Eloot et al., 2005; 
Ponda et al., 2010). Yet, the removal kinetics of these molecules from the body 
can vary due to different distribution volumes, compartmentalisation patterns, and 
intercompartmental transport mechanisms of solutes (Eloot et al., 2005; Schneditz et al., 
2009; Meyer et al., 2011). For compartmentalised solutes with slow intercompartmental 
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transport, the effective clearance from the patient’s body may be remarkably reduced, 
as the mass transfer rate between compartments can limit the inflow of solute to the 
blood that is presented to the dialyser, even if the clearance of the solute in the dialyser 
is high (Schneditz & Daugirdas, 2001; Ponda et al., 2010). 

For protein-bound molecules, only the unbound fraction of a solute in the blood is 
removable by diffusion through the dialyser, as solely the unbound, free solute, contributes 
to the diffusion-driving concentration gradient across the dialyser membrane (Meyer et al., 
2004, 2011). Consequently, dialyser clearance of a solute is inversely related to its 
percentage of protein binding (Meyer et al., 2004; Eloot et al., 2016). Since the free 
fraction of a protein-bound solute can constitute less than 1% of the total solute in blood 
(Duranton et al., 2012; Daneshamouz et al., 2021), removal of protein-bound uraemic 
solutes is significantly hampered in comparison to small water-soluble molecules with 
similar size due to protein binding (Meert et al., 2008; Sirich et al., 2012; Eloot et al., 
2016), posing a challenge for current KRT strategies (Sánchez-Ospina et al., 2024). 

Regarding the removal of middle molecules, conventional diffusion-based HD with 
a low-flux dialyser is incapable of removing middle molecules as low-flux membranes are 
nearly impermeable for this group of uraemic solutes, unlike small water-soluble molecules 
(Leypoldt et al., 1999; Eknoyan et al., 2002; Meyer & Hostetter, 2007). To overcome the 
limitations of conventional diffusive removal of middle molecules, HD therapy with a 
medium cut-off membrane or convective HDF with high-flux membranes could be used, 
offering higher clearances of larger solutes (Armenta-Alvarez et al., 2023; García-Prieto et 
al., 2023; Biedunkiewicz et al., 2024). Although HDF therapy increases dialyser clearance of 
middle molecules, which is linearly related to ultrafiltration rate (Lornoy et al., 2000), the 
lowering of middle molecules’ levels remains limited by intercompartmental transfer rates 
within the body, independent of modality (Ward et al., 2006). Therefore, it has been 
proposed to increase the time and frequency of KRT rather than focusing on increasing the 
extracorporeal clearance to lower the levels of middle molecules (Ward et al., 2006). 

2.1.1 Endogenous kidney function markers 
While it is important to reduce uraemic toxins levels with KRT to alleviate symptoms of 
uraemia (Hu et al., 2022), levels of endogenously produced uraemic retention solutes 
also provide valuable information for diagnosis and prognosis, as they can serves as 
biomarkers of kidney function, disease progression, and health outcomes (Tesch, 2010; 
Schanstra et al., 2015; Steinbrenner et al., 2021, 2024). 

Ideally, reliable biomarkers of kidney function should be accurately measurable, indicate 
and identify specific types of kidney disease or kidney injury, and provide easily 
interpretable information applicable across various populations (Tesch, 2010). In particular, 
endogenous solutes should have a constant production rate, and the solutes’ levels should 
not be influenced by non-kidney function determinants, such as diet, muscle mass, 
inflammation, medication, and extrarenal elimination prior to dialysis treatment (Levey et 
al., 2014; Khader et al., 2025). Moreover, endogenous solutes should be metabolically and 
chemically stable in biofluids over time to accurately determine their levels (Gao et al., 
2021; Karger et al., 2021), and correlate the biomarkers levels with residual kidney function 
in CKD patients prior to ESKD (Levey et al., 2014; Wasung et al., 2015). In addition, 
endogenous solute levels can be correlated with total kidney function for dialysis patients, 
which also accounts for the function provided by KRT, with the knowledge of solute’s 
dialysis clearance and the solute’s generation rate (Daugirdas et al., 2015; Shafi & Levey, 
2018; Tattersall, 2018). 
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In routine clinical practice, the most established endogenous kidney function 
biomarker is creatinine, which is used to estimate GFR employing serum creatinine-based 
equations, additionally including demographic and clinical variables as surrogates for 
non-GFR determinants (Levey et al., 2014; Wasung et al., 2015; P. E. Stevens et al., 2024). 
To overcome limitations of creatinine-based equations and improve accuracy of 
estimations, use of alternative kidney function biomarkers has been explored, such as urea, 
cystatin C, B2M, β-trace protein – either in combination with creatinine or independently 
(Levey et al., 2014; Lopez-Giacoman & Madero, 2015; Wasung et al., 2015; Breit & 
Weinberger, 2016; Coresh et al., 2019; Thompson & Joy, 2022). 

Still, the search continues to identify novel, reliable endogenous biomarkers that are less 
influenced by non-kidney function determinants to accurately evaluate kidney function and 
predict health outcomes (Sekula et al., 2016; Shafi et al., 2016; van der Burgh et al., 2024). 

In recent large population metabolomic studies, CMW, also known as 
C-gylcosyltryptophan, has emerged as a metabolite, which concentration in serum and
urine is the most strongly and independently correlated with CKD risk, progression and
patients’ death (Steinbrenner et al., 2021, 2024; van der Burgh et al., 2024) among
thousands of other studied metabolites. Moreover, serum concentration of CMW is
strongly correlated with eGFR in different stages of CKD patients (Niewczas et al., 2014;
Sekula et al., 2016; Denburg et al., 2021; Steinbrenner et al., 2021; van der Burgh et al.,
2024); with CMW being even more strongly correlated to measured GFR compared to
the established serum creatinine-based eGFR (Sekula et al., 2016; Takahira et al., 2001;
Yonemura et al., 2004).

In detail, monomeric CMW, with a molecular weight of 366 Da, is a degradation of 
C-mannosylatated proteins, a metabolite arising from the only known form of protein
C-linked glycosylation in humans (Furmanek & Hofsteenge, 2000; Schjoldager et al.,
2020; Minakata et al., 2021). CMW is thought to be not further catabolised in the body 

(Minakata et al., 2020, 2021) and be metabolically stable and resistant to hydrolysis due
to the C-C bond between single α-mannose and a tryptophan residue (Hossain et al.,
2018). As the clearance of CMW from the blood is similar to that of freely filtered inulin
(Takahira et al., 2001), a decline in GFR leads to reduced CMW excretion from the body
via urine (Horiuchi et al., 1994; Gutsche et al., 1999), resulting in exponentially rising
serum concentration of CMW (Takahira et al., 2001; Morita et al., 2021). Although CMW
possesses many properties of an ideal kidney function marker, chromatographical
methods and mass spectrometry remain the only known methods of quantification of
CMW in biofluids, which, while accurate, are costly and time-consuming.

2.2 Analysis methods of uraemic solutes 
In routine clinical practice, fast, cost-effective, and standardised methods should be 
employed to ensure reliable and reproducible quantification of uraemic solutes’ 
concentration in biofluids.  

A variety of analytical techniques are available and used to identify and quantify uraemic 
solutes, such as enzymatic, colorimetric, immunological methods, chemiluminescence, 
nephelometry, and gel electrophoresis or chromatography coupled with ultraviolet or 
fluorescence spectroscopy, electrochemical detectors, mass spectrometry or nuclear 
magnetic resonance (Duranton et al., 2012; Vanholder, Boelaert, et al., 2015; Karger 
et al., 2021; Narimani et al., 2021). 
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In clinical chemistry, rapid standardised colorimetric or enzymatic methods are primarily 
used to determine small water-soluble solutes, such as biomarkers of creatinine, urea and 
UA (Elin et al., 1982; P. S. Francis et al., 2002; Karger et al., 2021; Narimani et al., 2021). 
As colorimetric methods can be influenced by other endogenous substances, such as the 
Jaffe reaction, and enzymatic methods require specific reagents to quantify each 
substance, HPLC has been proven to be a more versatile technique in research for 
simultaneous and accurate quantification of different uraemic solutes (Arund et al., 2012; 
Salazar, 2014; J. Zhao, 2015).  

For protein-bound solutes, HPLC remains the most used technique, as it has the highest 
selectivity and sensitivity for quantifying the protein-bound solutes’ levels. (Duranton et al., 
2012; Fernandes et al., 2023; Shafiee et al., 2024). Besides, less time-consuming and 
inexpensive enzymatic- and immunoassays have been developed for routine analysis of the 
total concentration of some protein-bound uraemic toxins, such as prototype biomarker 
IS, yet with inferior analytical performance (Duranton et al., 2012; Fushimi et al., 2019; Abe 
et al., 2021; Duan et al., 2022; Shafiee et al., 2024). Still, before HPLC analysis of blood 
samples, additional sample preparation is required to determine the concentration of 
unbound or total fraction of protein-bound solutes (Vanholder et al., 1992).  

For total concentration determination, solutes can be displaced from blood proteins 
in the sample by heat denaturation of proteins or by protein precipitation by applying an 
organic solvent, acid, or salt to the sample (Poesen et al., 2015; van Gelder et al., 2020; 
Shafiee et al., 2024). While equilibrium dialysis is the gold standard method for the 
separation of the unbound fraction of the solute, ultrafiltration of the sample through 
a protein-impermeable filter can provide results with similar accuracy for most solutes, 
including IS (Fabresse et al., 2020). Therefore, ultrafiltration remains the most used 
method in the analysis of the free concentration of protein-bound uraemic toxins due to 
the simpler and faster sample preparation procedure (Lee et al., 2010; Eloot et al., 2016; 
Fabresse et al., 2020; Fernandes et al., 2023). 

Considering HPLC’s accuracy and capacity for simultaneous determination of uraemic 
solutes (Arund et al., 2012, 2016; Boelaert et al., 2013; J. Zhao, 2015; Poesen et al., 2015; 
van Gelder et al., 2020; Fernandes et al., 2023), reversed-phase HPLC was chosen as 
a method of choice for determining the uraemic solutes concentration of UA, IS, and 
CMW in Publications I, II, and III of this thesis. Moreover, for total concentration 
determination of protein-bound IS, serum samples were heated to denature proteins 
(Fagugli et al., 2002; Boelaert et al., 2013) as the most efficient deproteinisation method 
(Vanholder et al., 1992); and ultrafiltration was used to remove proteins from the 
samples prior to the analysis of small water-soluble uraemic solutes, such as UA and 
CMW as described earlier (Eloot et al., 2016). 

Middle molecules related to CKD, such as B2M, parathyroid hormone and cystatin-C, 
are routinely measured with immunoassays, turbidimetry, and nephelometry that 
allow accurate detection of individual molecules (Duranton et al., 2012; Karger et al., 
2021; Sivanathan et al., 2022). Whereas, HPLC analysis or capillary electrophoresis 
coupled with mass spectrometry are more versatile tools for simultaneous and accurate 
analysis of proteins based on the mass-to-charge ratio of specific ions of proteins 
or their fragments; though this can require additional sample preparation prior to 
analysis, such as derivatisation or digestion of proteins with proteases (Kolch et al., 
2005; Merchant, 2010; Mischak et al., 2015; Yang et al., 2022; Birhanu, 2023).  

Despite their accuracy, time-consuming analyses and expensive laboratory 
equipment limit the widespread application of mass spectrometry- and HPLC-based 
analyses for routine measurement of uraemic solutes in clinical practice.  
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3 Haemodialysis treatment adequacy 
Historically, the adequacy of HD treatment has been estimated based on blood urea 
concentrations employing different measures such as, TAC, urea reduction ratio (URR), 
and Kt/V, with the Kt/V urea being currently the most precise, tested, and applied 
measure to quantify the delivered dialysis dose (Lowrie et al., 1981; Gotch & Sargent, 
1985; Owen et al., 1993; Lopot et al., 2004; Daugirdas et al., 2015; Steyaert et al., 2019). 

Mathematically, URR is expressed as the reduction ratio (RR) of blood urea 
concentration during HD treatment: 

𝑅𝑅𝑅𝑅 =
𝐶𝐶0 − 𝐶𝐶𝑡𝑡
𝐶𝐶0

 × 100 %, (5) 

where C0 and Ct are pre- and post-dialysis urea blood concentrations [mmol/L], 
respectively (Owen et al., 1993). Although URR is related to the patients’ mortality and 
serves as a straightforward dialysis adequacy measure (Owen et al., 1993), its use to 
quantify dialysis dose has been discouraged because the corresponding Kt/V values 
observed at given URR can vary broadly in individual patients, leading to inaccuracies 
(Daugirdas, 1995; Sherman et al., 1995), especially when URR exceeds 65% (Sherman 
et al., 1995). 

In the case of using the simplified form of Kt/V formula, which assumes no urea 
generation during dialysis and a fixed urea distribution volume in the body, Kt/V can be 
calculated as: 

𝐾𝐾𝐾𝐾
𝑉𝑉

= −ln
𝐶𝐶𝑡𝑡
𝐶𝐶0

, (6) 

where K is dialyser clearance of urea [mL/min], t is duration of dialysis [min], V is urea 
distribution volume in patient [mL], and C0 and Ct are pre- and post-dialysis urea blood 
concentrations [mmol/L], respectively (Gotch & Sargent, 1985). 

Whereas most commonly, single-pool Kt/V (spKt/V), which takes urea generation and 
urea distribution volume changes into account, is used as a standard tool to evaluate the 
delivered dose of HD treatment by solving the second-generation Daugirdas formula, 
assuming urea is distributed in a single compartment (Daugirdas, 1993): 

𝑠𝑠𝑠𝑠𝐾𝐾𝐾𝐾
𝑉𝑉

= −ln�
𝐶𝐶𝑡𝑡
𝐶𝐶0
− 0.008 �

𝐾𝐾
60
�� + �4 − 3.5

𝐶𝐶𝑡𝑡
𝐶𝐶0
�
𝑈𝑈𝑈𝑈
𝑊𝑊

, (7) 

where UF stands for net ultrafiltration [kg], and W is dry body weight of the patient [kg] 
(Daugirdas, 1993). Using the measure of sp/KtV, current clinical guidelines recommend 
achieving a minimum delivered dialysis dose of 1.2 per session for the conventional 
intermittent thrice weekly HD to be considered adequate (Tattersall et al., 2007; 
Daugirdas et al., 2015; Watanabe et al., 2015; Ashby et al., 2019). Moreover, other forms 
of Kt/V, such as equilibrated Kt/V and standardised Kt/V have been developed to account 
for treatment frequency and multicompartmental removal kinetics (Vanholder et al., 
2019). 

Although Kt/V urea is clinically recognised measure that is used for evaluating efficacy 
of dialysis treatment, it has several limitations (Meyer et al., 2011; Daugirdas et al., 2015; 
Vanholder et al., 2019). 

Indeed, urea is the most abundantly accumulating uraemic solute in ESKD and serves 
a marker of small water-soluble uraemic solutes, yet urea itself is relatively nontoxic 
(Depner, 2001; Vanholder, Glorieux, et al., 2015; Weiner et al., 2015). As the transport 
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of urea across the erythrocyte membranes is facilitated by transporters (D. Zhao et al., 
2007), haemodialytic removal of urea is not dependent on haematocrit, and the general 
compartmentalisation effects are modest for urea, even in comparison with other small 
water-soluble solutes, which clearance is limited to plasma flow and intercompartmental 
transfer rates (Eloot et al., 2005; Schneditz et al., 2009; Ponda et al., 2010; Meyer et al., 
2011).  

As Kt/V urea does not represent removal kinetics of other solutes (Meert et al., 2008; 
Sirich et al., 2012; Eloot et al., 2016; Biedunkiewicz et al., 2024), it is acknowledged that 
efficacy and adequacy of HD cannot be evaluated using urea as a single biomarker, and 
alternative indices have been proposed to be included to optimise dialysis treatment, 
based on biomarkers, which are related to uraemic toxicity and clinical outcomes (Meyer 
et al., 2011; Daugirdas et al., 2015; Chan et al., 2019; Vanholder et al., 2019; Rosner 
et al., 2021; Torreggiani et al., 2021). 

The time-averaged concentration (TAC) concept of individual solutes has been 
suggested by Eloot et al. to be the most useful marker to evaluate the effect of HD 
treatment on solute levels over time, independent of the size and removal characteristics 
of solutes, dialysis strategies, and schedules (Lopot & Válek, 1988; Lopot et al., 2004; 
Kanagasundaram et al., 2008; Eloot et al., 2009, 2012). Historically TAC of urea was used 
as a dialysis adequacy measure, being related to patients’ hospitalisation rates and 
symptoms, prior to the concept of Kt/V, which was proved to be more strongly related 
to patients’ mortality based on epidemiological data (Gotch & Sargent, 1985; Vanholder 
et al., 2019). However, as there were no other molecules, which levels were strongly 
correlated to clinical symptoms and outcomes, and the TAC calculations were 
cumbersome, the TAC concept was abandoned at that time (Lopot et al., 2004; 
Vanholder et al., 2019). TAC enables the evaluation of the combined effect of HD 
treatment, residual kidney function, and solutes generation rate on solutes levels, as TAC 
depends on the net removal and generation of solutes (Lopot & Válek, 1988). 

Mathematically, TAC of a solute is expressed as: 

𝑇𝑇𝑇𝑇𝐶𝐶 =
1

𝑇𝑇TOT
� c(t)
𝑇𝑇TOT

0
dt, (8) 

where c(t) is the concentration of a solute in patient’s blood at specific time point and 
TTOT is the total time over the period, which can be intradialytic or interdialytic period; 
ergo, TAC describes average concentration of a solute over a specific period (Lopot & 
Válek, 1988).  

Considering that blood concentration of a solute is proportional to the solute’s spent 
dialysate concentration (Equation 4), intradialytic TAC can be evaluated from the average 
concentration of a solute in the spent dialysate during the dialysis session, assuming 
negligible effect of solute’s generation and residual kidney function on the change of 
blood levels during dialysis.  

With the knowledge of the total volume of spent dialysate or spent dialysate flow rate 
and treatment time, the average spent dialysate concentration can be used to calculate 
total removed solute (TRS) as in case of total dialysate collection (TDC): 

𝑇𝑇𝑅𝑅𝑇𝑇 =  𝐷𝐷T ⋅ 𝑊𝑊T, (9) 
where DT marks the concentration of uraemic solute in the TDC tank and WT is the weight 
of the spent dialysate in the TDC tank, considering the density of spent dialysate is close 
to 1.008 kg/L (Eloot et al., 2007). 
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In other words, intradialytic TAC, dialyser clearance K and treatment time t are the 
main determinants of the TRS, i.e., net removal of solute, during HD treatment 
(Kanagasundaram et al., 2008; Ficheux et al., 2010; Lim et al., 2018): 

𝑇𝑇𝑅𝑅𝑇𝑇 =  𝐾𝐾 ⋅ 𝑇𝑇𝑇𝑇𝐶𝐶 ⋅ 𝐾𝐾. (10) 
Therefore, intradialytic TAC can also be estimated from non-invasive spent dialysate 

measurements without the need for blood sampling (Kanagasundaram et al., 2008; 
Ficheux et al., 2010; Lim et al., 2018), similar to parameters of RR and Kt/V, which reflect 
fractional removal of urea from the body (Lindsay & Sternby, 2001; Rački et al., 2005; 
Uhlin et al., 2006; Castellarnau et al., 2010). In specific, TAC could be used to objectively 
evaluate the efficacy of newer convective treatment strategies or medium- and high-cut 
of membranes on lowering the levels of prototypical uraemic solutes that are related to 
clinical outcomes and mortality, including B2M (Watanabe et al., 2015) and IS (Vanholder 
et al., 2014; Fan et al., 2019). 
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4 Optical monitoring of dialysis adequacy 
Spent dialysate based HD adequacy monitoring has proven to be a reliable, non-invasive 
alternative to traditional blood sample-based measure Kt/V urea evaluation, using 
enzymatic-, conductivity- and optical sensors for spent dialysate analysis (Lindsay & 
Sternby, 2001; Rački et al., 2005; Uhlin et al., 2006; Kanagasundaram et al., 2008; 
Castellarnau et al., 2010), and offers a direct method for dialysis quantification (Canaud 
et al., 1999). Optical sensors have been integrated into commercially available HD 
machines manufactured by B-Braun (Melsungen, Germany), Nikkisio (Tokyo, Japan), and 
conductivity-sensors to the machines of Fresenius Medical Care (Bad Homburg vor der 
Höhe), which provide real-time feedback of urea removal online (Petitclerc & Ridel, 2021). 

4.1 Optical properties of spent dialysate 
In regards to optical properties, spent dialysate has been considered to be transparent 
and weakly light-scattering medium, similarly to biofluids of vitreous humour and 
aqueous humour of the front chamber of the eye, containing chromophoric and 
fluorophoric uraemic solutes (Tuchin, 2007; Uhlin & Fridolin, 2023). In such a medium, 
the light that has been transmitted to the medium is either reflected, absorbed, or 
propagated through the medium without further interactions, rendering the effect of 
scattering insignificant on the attenuation of light intensity. If the molecules in the 
medium absorb the light, the absorbed optical energy may lead to chemical reactions, 
intramolecular energy transfer, be reemitted as light, or dissipate as heat when the 
excited molecule transitions back to the ground state. (Welch & van Gemert, 2011)  

4.2 Bouguer-Beer-Lambert law and fluorescence intensity of spent 
dialysate 
Considering that the attenuation of light in spent dialysate mainly arises from light 
absorption due to chromophores, the solutes are stable, and the chromophores 
concentration and light intensity are not extremely high, the Bouguer-Lambert-Beer law 
can be used to describe the loss of intensity of monochromatic and collimated light that 
has been transmitted through a spent dialysate (Uhlin & Fridolin, 2023). 

According to the Bouguer-Beer-Lambert law, the loss of the intensity of light 
transmitted through a solution containing a single chromophore, quantified as 
absorbance A(λ), is the product of the concentration of a solute c [M], optical path length 
d [cm] and molar extinction coefficient of a solute ε [cm-1 M-1] at a wavelength of λ: 

𝑇𝑇(𝜆𝜆 ) = 𝑙𝑙𝑙𝑙𝑙𝑙 𝐼𝐼0
𝐼𝐼

=  𝜀𝜀(𝜆𝜆) ⋅  𝑐𝑐 ⋅ 𝑑𝑑, (11) 

where I0 is the initial intensity of incident light transmitted to the solution [W], and I 
denotes the light intensity after passing through the solution [W]. Thus, the Bouguer-
Beer-Lambert law correlates a chromophore’s concentration with the solution’s 
absorbance at a certain wavelength. Whereas the molar extinction coefficient and 
solution’s absorbance depend on the wavelength of light. (Tissue, 2012; Mayerhöfer 
et al., 2020; Uhlin & Fridolin, 2023)  

When multiple chromophores are present in the solution, the total absorbance at a 
given wavelength is the sum effect of all chromophores in the solution, and Equation 11 
can be written as: 

𝑇𝑇(𝜆𝜆 ) = 𝑙𝑙𝑙𝑙𝑙𝑙 𝐼𝐼0
𝐼𝐼

=  (𝜀𝜀1(𝜆𝜆) ⋅  𝑐𝑐1  +  𝜀𝜀2(𝜆𝜆) ⋅  𝑐𝑐2 + ⋯+ 𝜀𝜀𝑛𝑛(𝜆𝜆) ⋅  𝑐𝑐𝑛𝑛)𝑑𝑑 , (12)
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where the subscripts refer to the molar absorption coefficient and concentration of 
individual chromophores (Tissue, 2012; Uhlin & Fridolin, 2023). 

If part of the photon’s energy, absorbed by a chromophore, is subsequently reemitted 
as a photon while the excited chromophore relaxes to a lower energy state after being 
excited with light, the molecule is termed fluorophore. Generally, the emitted photon 
has lower energy than the absorbed photon, i.e., emitted light has a longer wavelength 
than excitation light (Lakowicz, 2006; Welch & van Gemert, 2011).  

For a dilute solution containing a single fluorophore, fluorescence intensity IF [W] at 
the excitation and emission wavelengths pairs (λex and λem) is a function of the quantum 
yield of a fluorophore φ at λem, concentration of a fluorophore c [M], molar extinction 
coefficient of a fluorophore ε [cm-1 M-1], optical path length d [cm] and intensity of the 
excitation light I0 [W] at λex, expressed mathematically as (Welch & van Gemert, 2011): 

𝐼𝐼𝐹𝐹(𝜆𝜆ex, 𝜆𝜆em)  =  𝜑𝜑(𝜆𝜆em) ⋅  𝑐𝑐 ⋅ 𝜀𝜀(𝜆𝜆ex) ⋅ 𝑑𝑑 ⋅ 𝐼𝐼0(𝜆𝜆ex) (13). 
Since fluorescence commonly occurs from molecules with abundant delocalised 

electrons, such as aromatic compounds, and given that the shape of the emission 
spectrum is dependent on the fluorophore’s chemical structure and independent of 
excitation wavelength, fluorescence spectroscopy is considered to be more specific and 
sensitive in comparison to the light absorption spectroscopy for quantification of solutes 
(Lakowicz, 2006; Welch & van Gemert, 2011). Still, the fluorophore’s local environment 
and properties of the solution, such as temperature, polarity, pH, and interactions with 
other molecules, can influence the quantum yield and emission maxima of the 
fluorophores (Lakowicz, 2006; Albani, 2007; Welch & van Gemert, 2011; McKay et al., 
2018). Though, the composition and quality of dialysis solution are strictly controlled, 
and in spent dialysate the aforementioned parameters vary in a small physiological range 
(Azar & Canaud, 2013; Locatelli et al., 2015). 

Moreover, light attenuation in spent dialysate due to other chromophores (Arund 
et al., 2012) must be accounted for to ensure a linear response between the fluorescence 
intensity and fluorophore’s concentration, as both excitation and emission light are 
attenuated in solutions with absorbance values > 0.05 at corresponding wavelengths due 
to inner filter effect, which distorts apparent quantum yield (Lakowicz, 2006). The inner 
filter effect can be compensated mathematically by considering the solution’s 
absorbance or measurement results with different cuvette cell configurations (Lakowicz, 
2006; Welch & van Gemert, 2011; Fonin et al., 2014; Wang et al., 2017; Kumar Panigrahi 
& Kumar Mishra, 2019). 

However, spent dialysate contains various endogenous fluorophores, often with 
overlapping emission or excitation spectra, and the measurable fluorescence intensity at 
specific excitation and emission wavelengths results from the combined effect of these 
fluorophores and reflects their concentrations (Arund et al., 2016; Kalle et al., 2016, 
2019; Meibaum et al., 2020). For example, fluorescence at excitation wavelength of 280 
nm and emission at 360 nm is predominantly attributable to protein-bound metabolites 
of tryptophan such as IS (Swan et al., 1983; Barnett & Veening, 1985; Arund et al., 2016; 
Meibaum et al., 2020), and at excitation of 320 nm fluorescence intensity is related to 
metabolites of B6 vitamin such as 4-pyridoxic acid (Kalle et al., 2016) or the glycation end 
product pentosidine (Kalle et al., 2019). At the same time, light attenuation in spent 
dialysate mainly arises from light-absorbing small water-soluble chromophores, such as 
UA, creatinine, and hippuric acid (Lauri et al., 2010; Arund et al., 2012; Donadio et al., 
2013).  
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To overcome the limitations of measuring the fluorescence of multi-fluorophoric 
samples, measurements at multiple excitation and emission wavelengths can be 
performed (Welch & van Gemert, 2011). This approach enables identification of the 
intrinsic fluorescence of individual fluorophores and quantify fluorophore’s 
concentration in spent dialysate using predictive models (Kalle et al., 2019; Lauri et al., 
2020; Arund et al., 2024). Similarly, light absorption could be measured at multiple 
wavelengths to improve the accuracy of chromophores quantification in spent dialysate 
(Holmar et al., 2012; Donadio et al., 2013; Uhlin & Fridolin, 2023; Paats et al., 2024).  

By performing multi-wavelength measurements and using predictive models, it has 
been possible to achieve clinically acceptable accuracy for quantifying absolute 
concentration of prototypical marker molecules, such as IS or UA (Holmar et al., 2012; 
Arund et al., 2024; Paats et al., 2024), despite possible interferences of other 
chromophores and fluorophores, including metabolites and medications (Arund et al., 
2012; Adoberg et al., 2022). As a result, clinical parameters, such as TRS, RR, and Kt/V, 
could be evaluated from optical signals of spent dialysate. Furthermore, it is possible to 
assess the relative removal of substances during HD even when the substance itself does 
not substantially contribute to the optical properties of spent dialysate but has similar 
removal characteristics in comparison to the chromophores or fluorophores that form 
the optical signal, as is the case for urea, electrolytes etc. (Uhlin & Fridolin, 2023). 
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Aim of the study 
The purpose of this thesis was to explore novel spent dialysate based optical methods, 
which could be applied for more universal dose quantification of HD with the potential 
of ensuring more adequate HD treatment.  

The specific aims of the studies were: 
• to evaluate the contribution of middle molecules to the optical signals of

spent dialysate;
• to develop a novel advanced method based on the optical signals of spent

dialysate for monitoring the intradialytic removal of B2M as the prototypical
marker of middle molecules;

• to evaluate the feasibility of estimating intradialytic serum TAC for
prototypical marker molecules of urea, UA, IS, and B2M from their spent
dialysate concentrations using HPLC;

• to characterise the levels of endogenous kidney function marker CMW in
ESKD patients’ blood and spent dialysate and its intradialytic removal;

• to develop an optical method for estimating intradialytic levels and removal
of CMW.

By concentrating on these specific objectives, this thesis seeks to validate the 
potential of spent dialysate based optical methods for more universal dose quantification 
of HD, which could be used to personalise HD treatment and improve adequacy. 
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5 Experimental methods 

5.1 Clinical studies 
All clinical studies on which this dissertation is based were conducted in accordance with 
the principles of the Declaration of Helsinki. Prior to performing studies, the study 
protocols were approved by local ethical committees: Tallinn Medical Research Ethics 
Committee at the National Institute for Health Development, Estonia, decision no. 2205 
(27.12.2017), Linköping Regional Medical Research Ethics Committee, Linköping, 
Sweden, decision no. 2017/593-31 (17.01.2018); Commissie voor Medische Ethiek at 
Ghent University Hospital, Ghent, Belgium, decision no. B670201938627 (15.02.2019); 
Fundación Jiménez Díaz Clinical Research Ethics Committee, Madrid, Spain, decisions (no. 
9/18, 8.05.2018) and (no. 13/18, 10.7.2018). 

Clinically stable patients on chronic thrice-weekly HD treatment with vascular access 
capable of blood flow over 300 mL/min were enrolled in the studies from North Estonia 
Medical Centre (Publication I; II; III) in Tallinn, Estonia (22 patients); Linköping University 
Hospital (Publication II) in Linköping, Sweden, (21 patients); Ghent University Hospital 
(Publication II) in Ghent, Belgium (15 patients) and from Fundación Jiménez Díaz 
University Hospital Health Research Institute (Publication II) in Madrid, Spain (20 patients). 
A detailed overview of patients’ clinical characteristics has been presented in 
Supplementary Table 1 of Publication II. 

Each patient was monitored during four different midweek HD sessions with 
predefined treatment settings, which varied the haemodialytic removal efficacy of 
uraemic solutes. Modifiable treatment settings included blood flow rate, dialysis solution 
flow rate, substitution volume, and effective membrane area of dialyser. For HD 
procedures, Fresenius Medical Care HD machines were used (Fresenius Medical Care, 
Bad Homburg v. d. Höfe, Germany). All patients, excluding one patient, were dialyzed 
with polysulfone membrane dialysers as specified in Supplementary Table 2 of 
Publication II, containing low-flux and high-flux dialysers. 

To evaluate the efficacy of different HD treatments, blood and spent dialysate samples 
were collected for analyses from arterial blood lines or from the drain tube outlet of HD 
machine, respectively (Figure 8 in Appendix 1). Concentration of uraemic solutes was 
determined in the collected samples with HPLC or clinical chemistry laboratory analyses, 
based on which HD efficacy parameters were calculated. 

Table 2 provides an overview of the patients’ characteristics, applied treatment 
settings, analysed samples, and uraemic solutes in the conducted studies. 
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Table 2. Overview of the main patients’ characteristics, applied treatment settings, analysed 
samples, and uraemic solutes in the conducted studies. 

Publication I Publication II Publication III 
Patient cohort size 22 78 22 
Gender, 
male/female 

17/5 61/17 17/5 

Age, mean ± SD 55 ± 17 63 ± 16 55 ± 17 
Number of 
treatment sessions 
(modality) 

88 (66 HDF, 22 HD) 312 (234 HDF; 78 
HD) 

88 (66 HDF, 22 HD) 

Dialysis’s machine 
model 

Fresenius 5008 Fresenius 4008 
Fresenius 5008 
Fresenius 6008 

Fresenius 5008 

Treatment time, 
min 

240 240 240 

Qb*, mL/min 300.8 ± 12.7; 
200 ± 0; 
299.7 ± 1.0; 
364.2 ± 27.1 

316 (297-347); 
199 (199-200); 
297 (296-300); 
375(356-395) 

296 (295–297) 
199 (198–199) 
297 (296–298) 
368 (356–377) 

Qd*, mL/min 470.8 ± 105.4; 
300 ± 0; 
799.8 ± 0.9; 
800.0 ± 0.0 

496 (411-500); 
300 (298-300); 
800 (796-800); 
800 (795-800) 

359 (355–493); 
297 (297–298); 
789 (788–795); 
791 (788–796) 

Vs*, L 21.1 ± 3.1; 
0; 
15.3 ± 1.4; 
25.3 ± 2.8 

22.5 (19.6-24.6) 
0; 
14.9 (14.8-15.2); 
25.2 (22.5-27.3) 

22.0 (20.0–23.0); 
0; 
14.9 (14.9–15); 
25.2 (23–27.9); 

Blood sampling 
times 

NIL pre- and post-
dialysis 

pre- and post-
dialysis; 30 min 
post-dialysis  

Dialysate sampling 
times 

7; 60; 120; 180; 
240 min after the 
start of session; 
TDC 

7; 240 min after 
the start of 
session; TDC 

7; 60; 120; 180; 
240 min after the 
start of session; 
TDC 

Analysed uraemic 
solutes 

B2M Urea, UA, IS, B2M Urea, CMW 

HD efficacy 
parameters 

RR, TRS TAC, TRS RR, TRS, TAC 

*Given as mean (±SD) or median (interquartile range).
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5.2 HPLC analysis (Publication II, III) 
All the collected blood and spent dialysate samples were subjected to reversed-phase 
HPLC analyses to determine concentration of UA and IS (Publication II), and CMW 
(Publication III) in the samples. 

5.2.1 Sample preparation 
Prior to HPLC analysis, serum fraction was separated from blood samples after sample 
drawing. The blood samples were allowed to clot for 30 min in Becton Dickinson 
Vacutainer SST II Advance tubes (Franklin Lakes, NJ, USA) and thereafter centrifuged for 
20 min at 3000 g immediately. The resulting supernatant (serum) was separated from 
the blood cells and subjected to further preparation and analysis. 

To determine the total IS concentration in serum (Publication II), serum samples were 
first deproteinised by heat denaturation (Vanholder et al., 1992; Boelaert et al., 2013). 
For this purpose, serum samples were diluted 1:3 with normal saline solution in 
Eppendorf Protein LoBind 1.5 mL tubes (Hamburg, Germany), homogenised by vortexing 
at 1500 rpm for 1 min, and heated at 95 °C for 30 min to denature proteins and thereby 
displace the protein-bound fraction of IS from proteins. Next, the samples were rapidly 
cooled to 4°C and centrifuged afterwards at 21.900 g for 10 min to precipitate 
denaturised proteins. The resulting supernatant in the volume of 400 μL was purified of 
remaining denaturised proteins by centrifugal ultrafiltration at 14.000 g for 3 h at 37 °C 
using Sartorius Vivacon 30 kDa cut-off filters (Göttingen, Germany). 

To determine the concentration of protein non-bound UA (Publication II) and CMW 
Publication III) in serum samples, 400 μL of untreated serum was similarly filtrated 
through Sartorius Vivacon 30 kDa cut-off filters as described above to remove proteins 
from the samples prior to HPLC analysis for preventing HPLC column clogging. 

The resulting ultrafiltrates of serum samples were acidified with 1 μL of formic acid 
(Sigma-Adrich, St. Louis, MO, USA) to stabilise UA to an undissociated form and improve 
the separation of compounds. In order to determine the concentration of analytes in 
spent dialysate samples (Publication II, III), 10 µL of formic acid was added to each spent 
dialysate sample of 5 mL for the same purpose without additional sample pretreatment 
prior to HPLC analysis. 

5.2.2 HPLC system and analysis conditions 
HPLC analysis was conducted with the Ultimate 3000 Series HPLC system from Dionex, 
a division of Thermo Scientific (Sunnyvale, CA, USA), consisting of a quaternary gradient 
pump unit, a thermostated autosampler, a column oven, a diode array spectrophotometric 
detector, and a fluorescence detector. Mass spectra (Publication III) were analysed with 
quadrupole time-of-flight mass spectrometer micrOTOF-Q II with an electrospray 
ionisation (ESI) source (Bruker, Billerica, USA) coupled to the HPLC system. 

The stationary phase comprised two continuous columns of Poroshell 120 C18 2.7 μm 
4.6 x 150 mm with a security guard Poroshell 120 C18 2.7 μm 4.6 x 5 mm from Agilent 
Instruments (Santa Clara, CA, United States) maintained at 40 °C. Chromatographic 
separation was achieved by applying a three-step gradient elution program (Table 3) 
developed earlier (Arund et al., 2016) at a flow rate of 0.6 mL/min. The mobile phase was 
made of a mixture of 0.05 M formic acid adjusted to pH 4.25 with ammonium hydroxide 
(A), and a mixture of HPLC grade methanol and HPLC-S grade acetonitrile in the volume 
ratio of 9:1, both from Honeywell (Charlotte, NC, USA), with 0.05 M ammonium formate 
salt (B).  
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Table 3. HPLC gradient program (Arund et al., 2016). 

Step Time, min Solvent A, % Solvent B, % Curve type 
0 0 99 1 
1 6 99 1 linear 
2 39 10 90 concave 

upward 
3 15 10 90 linear 

The compounds were detected based on recorded signals of fluorescence at excitation 
280 nm and emission at 360 nm (IS and CMW) and UV light absorption at 280 nm (UA). 
Chromatographic data were processed with Chromeleon 7.1 software by Thermo Scientific 
(Waltham, MA, USA). For HPLC system calibration, aqueous calibration standard 
solutions were analysed, made of reference solutions with purity > 98%: CMW from 
Toronto Research Chemicals Inc (Toronto, Ontario, Canada), IS and UA from Sigma-Aldrich 
(St. Louis, MO, USA). Compounds’ concentrations in samples were subsequently quantified 
based on the peak areas using calibration curves. 

To validate the chromatographic peak of CMW of serum and the spent dialysate 
samples (Publication III), part of the post-column eluate flow was directed to the mass 
spectrometer using a flow splitter. Mass spectra were registered in negative ion mode 
with the following operating conditions: mass range of m/z 50–700; ion source 
temperature of 200 °C, ESI voltage of 4.5 kV, ESI nebulisation gas flow of 8.0 L/min, drying 
gas flow of 1.2 bar, detector voltage of 2.03 kV, acquisition rate of 1 Hz. For validation of 
the CMW peak, retention time and fluorescence spectra of samples were compared with 
those of the standard solution of CMW and confirmed by the MS/MS fragment ion mass 
of the precursor ion of m/z⁻¹ 365.14 ± 0.03, specific to CMW (Gutsche et al., 1999; 
Yamamoto et al., 2019). Data were acquired with Compass HyStar (version 3.2) and 
analysed with Compass DataAnalysis (version 4.0 SP1) software, both from Bruker 
(Billerica, USA). 

5.3 Clinical laboratory analysis (Publication I, II, III) 
In Publication I, concentration of B2M in spent dialysate samples was determined in 
clinical chemistry laboratory (SYNLAB Eesti OÜ, Tallinn, Estonia) with IMMULITE 2000 
immunoassay autoanalyzer using sandwich type immunochemical assay (Siemens 
Healthineers AG, Erlangen, Germany) with imprecision (coefficient of variation) of 10%. 

In Publication II, concentrations of B2M, UA, and urea in spent dialysate and serum 
samples in the multicentre study were determined in local clinical chemistry laboratories 
(Synlab Eesti OÜ in Estonia, Clinical Chemistry Laboratory at Linköping University Hospital 
in Sweden, Clinical Biochemistry Laboratory at Fundación Jiménez Díaz University 
Hospital Health Research Institute, in Madrid, Spain, and Laboratory of Clinical Chemistry 
and Clinical Analysis at Ghent University Hospital, in Ghent, Belgium) using standardised 
laboratory methods. 

In Publication III, concentration of urea in spent dialysate samples was determined in 
clinical chemistry laboratory (SYNLAB Eesti OÜ, Tallinn, Estonia) using standardised 
laboratory methods. For this purpose, ADVIA 1800 autoanalyzer (Siemens Healthcare 
Diagnostics Inc., Erlangen, Germany) with imprecision (coefficient of variation) of 4% was 
used. 
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5.4 Optical measurements (Publications I, III) 
UV light absorption spectra and fluorescence spectra of spent dialysate samples 
(Publication I, III) were measured at room temperature using UV-3600 spectrophotometer 
or RF-6000 spectrofluorometer, respectively, both from Shimadzu (Kyoto, Japan). 
To distinguish the optical spectra of middle molecules’ fraction from spectra of small 
water-soluble molecules in Publication I, spent dialysate samples in volume of 12 mL 
were centrifuged using filter tubes with a cut-off limit of 1 kDa (Pall Laboratory Macrosep® 
type MAP001C37, Pal Corp., Ann Arbor, MI, USA) at 37 C for 40 min at 2375.75 g. 
The optical spectra of ultrafiltrates were measured in addition to spent dialysate 
samples, and the corresponding differences were considered to be specific to the middle 
molecules’ fraction. 

UV light absorption spectra of dialysate samples were recorded over a wavelength 
range of 190–400 nm (∆λ = 1 nm) with a bandwidth of 2 nm using a quartz cuvette with 
an optical path length of 5 mm and pure dialysis solution as a reference, or additionally 
with the corresponding filtrate as a reference in Publication I. 

Fluorescence spectra of dialysate samples and filtrates were recorded over the 
excitation wavelength range of 200–400 nm (∆λ =10 nm) and the emission wavelength 
range of 210–600 nm (∆λ = 1 nm) using a quartz cuvette with a path length of 4 mm, and 
bandwidths of both monochromators of 5 nm. 

Additionally, an optical sensor prototype (Optofluid Technologies OÜ, Tallinn, Estonia) 
was connected to the outflow of HD machine for on-line measurements of light absorption 
and fluorescence during each session to evaluate sampling quality. 

5.5 Data analysis 
To ensure data quality, all measurement results were evaluated for potential errors and 
data conformity during data preprocessing. Specifically, the results of the sensor 
prototype and spectrophotometry were compared to find sampling errors, i.e., sampling 
during self-tests of HD machine (Supplementary Figure 1 of Publication II). Additionally, 
HPLC and clinical laboratory determined UA concentrations were compared to detect 
possible errors related to sample handling and analyses. Erroneous data, including HD 
sessions with unstable treatment settings (Uhlin et al., 2006), and concentrations of 
uraemic solutes below the quantification limit of clinical laboratory analyses, were 
omitted from the dataset prior to data analysis. 

5.5.1 Development of predictive models 
Predictive models were developed to estimate concentrations of B2M (Publication I) and 
CMW (Publication III) in spent dialysate based on laboratory measured light absorbance 
and fluorescence of spent dialysate. Prior to model development, fluorescence spectra 
were mathematically corrected for the primary inner filter effect based on the recorded 
light absorbance values at excitation wavelengths (Fonin et al., 2014; Wang et al., 2017) 
to compensate for the attenuation of excitation light intensity in samples containing 
chromophores in high concentrations. In Publication III, the fluorescence spectra were 
additionally smoothed using the moving average filter with the window size of 10. 

A preselection of the predictor variables was done based on regression analysis, 
evaluating the relationship between concentration of uraemic solutes and of UV 
absorbance and fluorescence. Forward stepwise regression was thereafter used to 
create models with up to three variables based on calibration datasets (50% of data). 
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A variable was included in the model if its p-value was < 0.05 for an F-test, indicating a 
significant reduction in the sum of squared errors of the model. 

In addition to the calibration dataset, the general performance of the models was 
tested on a separate validation dataset (50% of the data). 

The accuracy of the models was evaluated using regression and Bland-Altman analysis 
(Giavarina, 2015). Systematic error (BIAS) was calculated for the models as follows: 

𝐵𝐵𝐼𝐼𝑇𝑇𝑇𝑇 =
∑ 𝑒𝑒𝑖𝑖𝑁𝑁
𝑖𝑖=1

𝑁𝑁
 (14), 

where N is the total number of observations and ei is the i-th residual (difference 
between HPLC or laboratory determined, and model predicted values). 

Similarly, the standard error of performance corrected for BIAS was calculated for the 
models based on the residuals: 

𝑇𝑇𝑆𝑆 = �∑ (𝑒𝑒𝑖𝑖 − 𝐵𝐵𝐼𝐼𝑇𝑇𝑇𝑇)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁 − 1
(15). 

5.5.2 Haemodialysis efficacy parameters 
Removal efficacy of uraemic toxins during HD was evaluated based on reduction ratio as 
RR (Publication I, III), and total removed solute as TRS (Publication I, III, III). 

RR was calculated from uraemic solutes’ concentrations in blood or spent dialysate 
samples at the start and at the end of the dialysis procedure using Equation 5. TRS of 
uraemic solutes was calculated based on the TDC tank weight and concentrations of 
uraemic solutes in the spent dialysate TDC tank using Equation 9. 

In publications (II, III), intradialytic TAC of uraemic toxins in blood was determined as 
logarithmic mean concentration as proposed earlier (Garred, 1995; Lim et al., 2018): 

𝑇𝑇𝑇𝑇𝐶𝐶 =
(𝐶𝐶0 −  𝐶𝐶t)

ln(𝐶𝐶0𝐶𝐶t
)

(16), 

where C0 and Ct are HPLC or laboratory determined pre- and post-dialysis blood 
concentrations of uraemic toxins. 

Linear regression analysis was used to evaluate intradialytic TAC of uraemic solutes 
from spent dialysate based TRS (Publication II) and logarithmic mean concentration 
(MlnD) (Publication II, III). 

MlnD was calculated from spent dialysate concentrations as: 

𝑀𝑀ln𝐷𝐷 =
(𝐷𝐷7 −  𝐷𝐷240)

ln( 𝐷𝐷7
𝐷𝐷240

)
(17), 

where D7 and D240 are uraemic solutes concentrations in spent dialysate samples taken 
7 and 240 min after the start of dialysis, respectively.  

Prior to regression analysis in Publication II, TAC was normalised by effective blood 
flow rate to compensate for dialyser clearance, and MlnD was normalised by spent 
dialysate flow rate to compensate for spent dialysate flow rate dependent sample 
dilution. To compare blood and spent dialysate based concentrations at time moment (t) 
directly in Publication III, spent dialysate concentrations (Dt) were normalised (Dt norm) by 
blood flow and spent dialysate flow rates prior to calculation of MlnD and regression 
analysis according to Equation 18: 

𝐷𝐷𝑡𝑡 norm =  𝐷𝐷𝑡𝑡 ⋅
𝑄𝑄d + 𝑄𝑄subs + 𝑈𝑈𝑈𝑈 

𝑄𝑄b
(18), 
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where Qb marks effective blood flow and the numerator “dialysate flow rate (Qd) + 
substitution rate (Qsubs) + net ultrafiltration rate (UF), which is not compensated for 
patient” is the flow rate of spent dialysate.  

5.5.3 Statistical tests 
To evaluate the agreement between serum and dialysate based HD efficacy parameters, 
Bland-Altman analysis was used as described above (Equations 14 & 15). The Anderson-
Darling test was used to evaluate whether datasets are normally distributed. In the case 
of normal distribution of data, Student’s two-tailed paired t-test was used to compare 
mean values of related variables from the same subject, whereas the unpaired two-tailed 
t-test was used for comparison of the differences between treatment modalities.
For non-normally distributed data, the Wilcoxon test was applied. A p-value of < 0.05 was
considered significant in all statistical tests.
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6 Results and discussion 

6.1 Intradialytic removal monitoring of B2M using spent dialysate 
(Publication I) 
B2M is a prototypic marker molecule for middle molecules removal, which has been 
proposed for routine monitoring to enhance treatment efficacy and optimise patient 
outcomes (Watanabe et al., 2015; Canaud et al., 2020; Rosner et al., 2021). Although 
high-volume HDF and expanded HD therapy with medium cut-off membranes 
outperform conventional HD in removing middle molecules (García-Prieto et al., 2023; 
Biedunkiewicz et al., 2024; Battaglia et al., 2025), the reduction of middle molecules 
blood levels still remains challenging with dialysis therapies (Ward & Daugirdas, 2024; 
Battaglia et al., 2025; Sirich, 2025). While high-dose hemodiafiltration appears to 
improve ESKD patients’ survival and outcomes over high-flux HD, the role of middle 
molecule clearance in these benefits is unclear, as concentrations or clearances of middle 
molecules have not been reported in the related studies (Vernooij et al., 2022; 
Blankestijn et al., 2023; Shroff et al., 2023; Battaglia et al., 2025). Still, B2M has strong 
evidence of toxicity (Vanholder et al., 2018), and elevated B2M pre-dialysis levels have 
been strongly and independently associated with higher mortality of ESKD patients and 
several pathologies (Cheung et al., 2006; Okuno et al., 2008; Liabeuf et al., 2012; 
Watanabe et al., 2015; Argyropoulos et al., 2017). 

Yet, no reliable dialysate-based optical method exists for intradialytic monitoring of 
middle molecules removal to objectively evaluate their dialytic removal, although 
previous studies have found strong correlations between middle molecules and optical 
signals of spent dialysate (Holmar et al., 2011; Uhlin et al., 2015; Lauri et al., 2020). 
The aim of Publication I was to develop a novel advanced optical method based on the 
UV absorbance and fluorescence of the spent dialysate for evaluating B2M removal and 
concentration in spent dialysate as a marker of middle molecules, and investigate the 
contribution of middle molecules to the optical properties of spent dialysate. 

The results of Publication I showed a strong correlation between UV absorbance and 
the concentration of B2M in spent dialysate samples (N = 375) when using high-flux HDF, 
with R2 > 0.8 in the range of 220-320 nm and local maxima at 222 nm (R2 = 0.881), * 
274 nm (R2 = 0.862), and 311 nm (R2 = 0.865). The latest being similar to the earlier 
observations (Uhlin et al., 2015), which found a maximum correlation at 314 (R2 = 0.861). 

An evident difference in UV absorbance spectra of spent dialysate samples and 
corresponding filtrates, containing solutes < 1kDa, was found. However, the regression 
analysis between the UV absorbance of spent dialysate samples and corresponding 
filtrates indicated that the variation caused by middle molecules is negligible in the UV 
region > 230 nm, but the resulting difference in UV absorbance of filtrates and dialysate 
samples is proportional to the absorbance of spent dialysate samples. This is consistent 
with the literature that light absorption in spent dialysate is mainly caused by small 
water-soluble solutes (Lauri et al., 2010; Arund et al., 2012; Donadio et al., 2013) with 
UV-absorbing peptide bonds (Rosenheck & Doty, 1961) and aromatic side chains of 
amino acids (Prasad et al., 2017) of middle molecules contributing minimally. 

The strongest correlation between the fluorescence of spent dialysate and the 
concentration of B2M in spent dialysate was found in the region with wavelengths of 
excitation at 350–370 nm and emission wavelengths at 500–555 nm with R2 up to 0.859. 
Similarly, in close proximity to these results, a previous smaller-scale study (Holmar et al., 
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2011) found the strongest correlation between the concentration of B2M in spent 
dialysate and its fluorescence using excitation/emission at 370/456 nm (R2 = 0.90, N = 69). 

Whereas the apparent fluorescence of middle molecules was identified to have 
maximum emission at 325–335 nm if excited at 280 nm, and approximately 10 times 
weaker emission intensity at advanced glycation end-product (AGEs) specific region of 
430–550 nm with excitation at 350 nm; in both regions low-flux HD and high-flux HDF 
modalities had the largest differences for middle molecules fluorescence. Specifically, 
middle molecules contributed on average 26,09 ± 6,68% to the overall fluorescence of 
the spent dialysate at excitation/emission wavelengths of 280/325 nm at the beginning 
of high-flux HDF therapy, in contrast to low-flux HD having negligible contribution. This 
was further confirmed by the regression analysis (Figure 4). 

Figure 4. Correlation between fluorescence emission intensity of spent dialysate samples (excitation 
at 280 nm) and corresponding filtrates, containing uraemic solutes < 1 kDa, from low-flux HD and 
high-flux HDF modalities (N=17) sampled 7 min after the start of the dialysis. The emission region 
with the highest correlation between B2M in the spent dialysate at excitation 280 nm, used in the 
final regression model, is marked with a rectangle (modified from Publication I). 

The primary source of middle molecules’ fluorescence, with maximum emission at 
332 nm and excitation at 280 nm, was attributed to the intrinsic fluorescence of 
tryptophan residues in the hydrophobic environments of proteins and peptides, based 
on the literature (Vivian & Callis, 2001; Lakowicz, 2006). This is similar to the intrinsic 
fluorescence of tryptophan residues in B2M under native conditions, which occurs 
approximately at 337 nm (Narang et al., 2013). While AGEs (Perrone et al., 2020) seem 
to be the main contributor to the fluorescence of middle molecules at the longer 
emission wavelengths of 430-550 nm if excited at 350 nm, being close to the emission 
maximum (460 nm) of AGE-modified B2M if excited at 350-360 nm (Miyata et al., 1993; 
Kalle et al., 2015). This corresponds to a fluorescence region with the strongest 
correlation between the fluorescence of spent dialysate and the concentration of B2M 
in spent dialysate of Publication I and an earlier study (Holmar et al., 2011). 

Including the fluorescence regions with highest contribution of middle molecules to 
the optical signals of spent dialysate and UV absorbance as parameters, a predictive 
model for estimating B2M concentration was developed and validated on independent 
data. 
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The model incorporated UV absorbance at 280 nm and fluorescence at 
excitation/emission pairs of 280/325 nm and 350/555 nm as parameters, achieving an 
accuracy (BIAS±SE) of 0.000 ± 0,272 mg/L with a correlation coefficient of 0.966 for the 
calibration group, and an accuracy of 0.061 ± 0,340 mg/L with a correlation coefficient 
0.953 for the validation group between the laboratory estimated and model predicted 
B2M concentrations in spent dialysate, respectively (Figure 5). For the entire cohort, 
the model demonstrated a correlation coefficient of 0.958 and an accuracy of 
0.000 ± 0.304 mg/L, surpassing the performance of previously reported predictive 
models (Holmar et al., 2011; Lauri et al., 2020). 

Figure 5. Scatter plots and Bland-Altman plots of the calibration (A1 & A2) and the validation (B1 
& B2) groups comparing laboratory (Lab) determined and model predicted (Opt) B2M 
concentrations, respectively (modified from Publication I). 

In addition, the laboratory estimated and model predicted values for HD performance 
parameters of RR (73.37 ± 10.39% and 72.06 ± 7.77%, respectively) and TRS (234.5 ± 72.8 mg 
and 228.6 ± 83.9 mg, respectively) were not statistically different (p > 0.35).  

In summary, the findings from Publication I indicate that UV absorption and 
fluorescence measurements could be used to estimate the concentration of B2M in 
spent dialysate and monitor intradialytic removal of middle molecules, which have a 
considerable contribution to the overall optical properties of spent dialysate. Although 
tryptophan of proteins and peptides and advanced glycation end-products were 
provisionally identified as main contributors to the optical signal of middle molecules, 
further research is suggested to identify specific middle molecular uraemic toxins behind 
the optical properties of spent dialysate. 
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6.2 Estimation of intradialytic blood time-averaged concentration of 
uraemic toxins using spent dialysate (Publication II) 
Traditional, Kt/V urea-based HD adequacy assessment insufficiently represents the 
removal of other clinically significant uraemic solutes (Meyer et al., 2011; Vanholder, 
Glorieux, et al., 2015). This necessitates more universal dialysis dose quantification, 
which is appropriate for evaluating the efficacy of modern dialysis strategies in removing 
prototypical markers and solutes related to ESKD patients’ outcomes, such as B2M or IS 
(Meyer et al., 2011; Vanholder, Glorieux, et al., 2015; Vanholder et al., 2019; Rosner 
et al., 2021). 

Among the measures of dialysis adequacy, TAC is considered the most useful marker 
for comparing different dialysis strategies in terms of their effectiveness in reducing 
uraemic solute levels over time, being universally applicable to uraemic solutes with 
different removal kinetics (Eloot et al., 2009, 2012). Conventionally, repeated blood 
sampling is required to calculate TAC from the area under the concentration curve of the 
solute over the inter- or intradialytic period (Lopot et al., 2004; Kanagasundaram et al., 
2008; Eloot et al., 2009). However, multiple intra-dialytic blood samples are necessary 
for accurate TAC calculation during dialysis as relying solely on pre- and post-dialysis 
samples can cause errors, especially for solutes with higher intercompartmental resistance 
(Garred, 1995; Kanagasundaram et al., 2008; Eloot et al., 2009). 

The aim of Publication II was to estimate intradialytic serum TAC for prototypical 
marker molecules of urea, UA, IS and B2M from their spent dialysate concentrations 
non-invasively. 

A strong correlation was observed between intradialytic serum TAC and MlnD values 
for all solutes (Figure 6), regardless of HD treatment modality and dialyser.  

Figure 6. Correlation between serum intradialytic TACs of (a) urea, (b) UA, (c) B2M, and (d) IS in and 
MlnD values in spent dialysate, normalised by effective blood or spent dialysate flow rates, 
respectively; grey area indicates the 95% CI of the slope (modified from Publication II). 
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For HDF and HD modalities separately, the strongest correlation was seen for urea 
(R2 = 0.91 (N = 152), R2 = 0.96 (N = 63)) and the weakest correlation for B2M (R2 = 0.62 
(N = 168), R2 = 0.83 (N = 37)), respectively. Also, TRS was generally strongly correlated to 
intradialytic TAC values (R2 > 0.59) and MlnD values (R2 > 0.89) for the studied uraemic 
solutes in case TAC and MlnD values were normalised by effective blood or spent 
dialysate flow rates, respectively. 

Moreover, using linear regression equations describing the abovementioned 
relationships (Figures 2 & 3, in Publication II), the estimated TAC values closely matched 
the calculated values, and the random error between the calculated and the estimated 
TAC values remained consistent across the entire concentration range. 

The variation in correlation coefficients among the uraemic solutes indicated that 
solute-dependent kinetic behaviour affects intradialytic TAC estimation, i.e., pre- and 
post-dialysis blood samples-based TAC may overestimate the actual intradialytic TAC. 
This is valid particularly for solutes with slow intercompartment clearance such as B2M, 
which serum levels decrease rapidly at the start of dialysis (Ward et al., 2006; 
Kanagasundaram et al., 2008; Eloot et al., 2012; Ward & Daugirdas, 2024). Consequently, 
the strongest correlation was found for urea, which has minimal resistance to 
inter-compartmental shifts, and the weakest correlation for B2M, which exhibits the 
highest intercompartmental resistance among the studied solutes (Meyer et al., 2011; 
Eloot et al., 2012). In this regard, employing double pool-kinetics or multiple intra-dialytic 
blood sampling is necessary for more accurate intradialytic serum TAC calculations 
(Kanagasundaram et al., 2008) as a reference, instead of using approach, which assumes 
single-pool removal kinetics (Garred, 1995; Lim et al., 2018). 

Based on these results, it is feasible to evaluate intradialytic serum TAC of urea, UA, IS 
and, B2M from their concentrations in spent dialysate non-invasively. The findings 
created conditions for online optical monitoring of serum TAC from spent dialysate 
concentrations and pave the way for optimising predictive models for each uraemic 
toxin, considering real-time values of dialysis machine treatment settings, dialyser 
specifications and patient-related parameters, including blood access recirculation and 
haematocrit. 

6.3 Intradialytic monitoring of kidney function marker C-mannosyl 
tryptophan using spent dialysate (Publication III) 
CMW is an endogenous metabolite with a molecular weight of 366 Da arising from the 
degradation of C-mannosylated proteins, the only known form of protein C-linked 
glycosylation in humans (Furmanek & Hofsteenge, 2000; Schjoldager et al., 2020; 
Minakata et al., 2021). Recent large-scale metabolomic studies have independently 
identified CMW as independent and one of the strongest markers of eGFR decline and 
health outcomes such as death in the cohort of non-dialysis CKD patients among 
thousands of other studied metabolites (Steinbrenner et al., 2021, 2024; van der Burgh 
et al., 2024). In addition, there is a strong correlation between CMW levels and GFR; thus, 
CMW is considered to be a residual kidney function marker (Takahira et al., 2001; 
Yonemura et al., 2004; Niewczas et al., 2014; Sekula et al., 2016; Denburg et al., 2021; 
Steinbrenner et al., 2021; van der Burgh et al., 2024). 

Despite CMW is a promising biomarker and an endogenous uraemic solute with 
potential toxicity, the levels of CMW and its dialytic removal characteristics have not 
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been assessed so far for ESKD patients undergoing dialysis therapy, and their relationship 
to clinical outcomes of ESKD patients remains unexplored. 

Publication III aimed to determine the levels of CMW in ESKD patients’ blood and 
spent dialysate during the dialysis employing HPLC, and investigate the possibility of 
optics-based estimation of haemodialytic removal and TAC of CMW. 

The results of Publication III showed that the median (interquartile range) concentration 
of CMW in serum samples was 2.78 (2.20–3.22) μmol/L at the start and 0.52 (0.38–0.73) 
μmol/L at the end of treatment, and in spent dialysate samples 0.64 (0.52–0.79) μmol/L 
and 0.13 (0.08–0.22) μmol/L, respectively. In comparison to the previous studies 
reporting CMW levels in healthy subjects (Yonemura et al., 2004; Sekula et al., 2017), 
CMW levels of ESKD patients are, presumably more than 10 times higher than the 
average normal concentration in healthy controls. This is similar to the 13–16-fold 
increase reported by Tanaka et al., who did relative comparison of mass spectrometric 
peak areas of CMW (Tanaka et al., 2015) in healthy controls and ESKD patients. 

The treatment settings similarly affect the removal efficacy of CMW and urea, with 
the RR of CMW being higher than the RR of urea (Figure 7). 

Figure 7. RR (mean ± SD) of CMW and urea for HD and different HDF modalities (Table 2) evaluated 
based on serum and spent dialysate samples collected from the start and end of the dialysis 
sessions; intra-modality differences, evaluated using paired two-tailed t-tests, are denoted as 
follows: *** (p < 0.001), ** (p < 0.01), * (p < 0.05). Modified from Publication III. 

In detail, RRs of both solutes were significantly higher (p < 0.001) for the most efficient 
HDF modality in comparison with low-flux HD with RRs (± SD) of 84.8 ± 6.1% vs 
66.4 ± 8.9% for CMW and RRs (± SD) of 78.1 ± 5.8% vs 58.9 ± 7.0% for urea. For both 
solutes, the rebound effect significantly affected effective RR (p < 0.01), whereas the 
extent of the rebound effect was not statistically different between the solutes 
(p = 0.530). These results show that the removal of CMW is characteristic of the removal 
of small water-soluble compounds, in contrast to the removal characteristics of 
unmodified tryptophan, which is a protein-bound solute (Paats et al., 2020). 

The serum and spent dialysate concentrations of CMW were strongly correlated 
after normalisation of spent dialysate concentration by treatment settings (r = 0.981), 
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which shows it is possible to evaluate CMW concentrations in blood and HD performance 
parameters from spent dialysate concentrations. 

The multiparametric linear regression model, which was developed to estimate spent 
dialysate CMW concentrations, had relatively high accuracy (BIAS ± SE) on both 
calibration and validation sets: 0.00 ± 0.07 μmol/L with r = 0.960, and -0.02 ± 0.07 μmol/L 
with r = 0.939 — comparing HPLC determined CMW concentrations to model estimated 
values, respectively. The developed model allows to estimate CMW concentrations in 
spent dialysate from optical measurements and to evaluate HD performance parameters 
using optical measurements (Table 4). 

Table 4. Haemodialysis performance parameters based on RR, TRS, and TAC of CMW. Results based 
on HPLC analysis of serum or spent dialysate samples were compared with the results calculated 
from the output of the optics-based (Opt) model using the Wilcoxson test. Numerical values are 
given as median and interquartile range (Q1–Q3). 

Clinical parameter 
CMW 
HPLC 
median 
(Q1-Q3) 

CMW 
Opt 
median 
(Q1-Q3) 

p-value Accuracy 
(BIAS ± SE) 

Pearson 
correlation 
coefficient 

RRdialysate (%, N=74) 
78.7 
(68.6–
85.7) 

78.5 
(67.0–
84.6) 

0.811 0.7 ± 3.7 0.958 

RRserum (%, N=72) 
80.3 
(72.3–
85.9) 

77.8 
(66.1–
84.5) 

0.347 2.4 ± 4.9 
0.939 

TRS (μmol, N=86) 
40.25 
(34.29–
47.89) 

43.84 
(36.75–
52.12) 

0.213 −1.72 ± 7.95 0.792 

TAC (μmol/L, N=72) 
1.34 
(1.13–
1.54) 

1.39 
(1.17–
1.59) 

0.442 0.00± 0.25 0.717 

Overall, the results of Publication III described the levels of CMW in ESKD patients and 
the intradialytic removal of CMW for the first time. Additionally, the feasibility of 
non-invasive optical monitoring of intradialytic CMW concentrations in spent dialysate 
and CMW-based HD adequacy parameters was demonstrated, which enables to elaborate 
the role of CMW in ESKD patients’ outcomes in future studies.  
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Conclusions 
In conclusion, this thesis demonstrated that novel spent dialysate based optical methods 
could be applied for more universal dose quantification of HD, which may provide more 
adequate HD treatment. 

The main findings of the thesis are: 

• This thesis identified that middle molecules form a considerable fraction of
optical signals of spent dialysate, presumably originating from intrinsic
fluorescence of tryptophan in peptides and proteins, and AGEs.

• Multiwavelength optical measurements of spent dialysate allow to estimate
concentration of B2M in spent dialysate and to monitor intradialytic removal of
middle molecules with high accuracy.

• For the first time, endogenous kidney function biomarker CMW levels were
determined in ESKD patients, which are evidently over 10 times higher than in
healthy subjects of previous studies.

• Intradialytic removal of CMW was compared to that of urea and was found to
be similar to that of small water-soluble uraemic solutes. Using optical
measurements of UV absorption and fluorescence of spent dialysate,
intradialytic levels and removal of CMW can be accurately monitored. In future
studies, this could help to elaborate the role of CMW in ESKD patients’ health
outcomes and evaluate residual kidney function.

• Spent dialysate concentrations and TRS of uraemic solutes are proportional to
the intradialytic TAC of uraemic solutes in patients’ blood. This thesis
demonstrates for the first time that blood concentration of urea, UA, IS, and
B2M can be similarly predicted from their spent dialysate concentrations using
treatment settings. This approach may prove useful in evaluating the effect of
HD treatment on the actual solute levels over time.

• Spent dialysate based optical monitoring can be used to evaluate clinically
relevant parameters such as TAC, TRS, and RR, which make it possible to assess
HD adequacy more universally. Therefore, optical monitoring of HD can be used 
as a non-invasive tool to potentially improve patients’ health outcomes.
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Abstract 
Novel Spent Dialysate Based Optical Methods: Towards More 
Universal Dose Quantification of Haemodialysis 
Haemodialysis (HD) is the most applied form of life-sustaining kidney replacement 
therapy for end stage of kidney disease (ESKD) patients, which is used to remove uraemic 
solutes and excessive fluid from patients’ blood. As ESKD patients have among the 
highest mortality in patients with chronic diseases, improvements in HD treatment 
quality and adequacy are essential for improved survival. 

To achieve this, usage of personalised and multidimensional dialysis dose 
quantification and prescription for HD has been proposed, including clearance of 
additional biomarkers such as prototypical middle-sized uremic retention molecule 
β-2-microglobulin (B2M), and residual kidney function as supplementary measures to the 
traditional Kt/V urea. Though, the impact of different HD treatment strategies on 
uraemic solutes removal is best characterized by monitoring the actual blood 
concentrations of patients over a period, i.e. using time-averaged concentration (TAC), 
or using pre-dialysis concentrations.  

In practice, this requires cost-effective reliable methods and tools for monitoring 
these measures. Previously, accurate optical methods, utilising fluorescence and UV 
absorption measurements of spent dialysate, have been developed for monitoring Kt/V 
urea, and intradialytic removal of protein-bound and small water-soluble uraemic solutes 
prototypical markers, such as indoxyl sulfate (IS) and uric acid (UA). Yet, there is not a 
reliable optical method for monitoring B2M or residual kidney function markers, and 
estimation of blood concentrations of uraemic solutes using dialysate-based 
measurements has not been attempted.  

The purpose of this thesis was to explore novel spent dialysate-based optical methods, 
which could be applied for more universal dose quantification of HD with the potential 
of ensuring more adequate HD treatment. Specifically, the thesis focused on 
development of predictive models, based on optical measurements of spent dialysate, 
to monitor removal of B2M and evaluate intradialytic levels and removal of novel 
endogenous kidney function marker C-mannosyl tryptophan (CMW). Furthermore, 
feasibility of estimating intradialytic serum TAC values from spent dialysate 
concentrations was studied for urea, B2M, UA and IS. 

The publications of this thesis have been published based on the treatment data of 78 
ESKD patients who were monitored during 312 different HD sessions. Collected blood 
and spent dialysate have been analysed using high performance liquid chromatography 
(HPLC) or clinical chemistry analyses as a reference to evaluate accuracy of optical 
methods and predictive models, utilising fluorescence and UV absorption measurements 
of spent dialysate. 
The main results of the thesis are:  

• Middle-sized molecules form a considerable fraction of optical signals of spent
dialysate, presumably originating from intrinsic fluorescence of tryptophan in
peptides and proteins, and advanced glycation end-products.

• Multiwavelength optical measurements of spent dialysate allow to estimate
concentration of B2M in spent dialysate and monitor intradialytic removal of
middle molecules with high accuracy.

• Endogenous kidney function biomarker CMW levels of ESKD patients are
evidently over 10 times higher than in healthy subjects.
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• Intradialytic removal of CMW is characteristic to small water-soluble uraemic
solutes. Multiwavelength optical measurements of spent dialysate can be used
to accurately monitor intradialytic levels and removal of CMW. This could help
to elaborate the role of CMW in ESKD patients’ health outcomes and evaluate
residual kidney function in future.

• Spent dialysate concentrations and total removed solute (TRS) value of uraemic
solutes are proportional to the intradialytic TAC of uraemic solutes in patient’s
blood. This thesis demonstrates for the first time that blood concentration of
urea, UA, IS and B2M can be similarly predicted from their spent dialysate
concentrations. This approach may prove useful in evaluating the impact of HD
treatment on uraemic solutes levels over time.

• Spent dialysate based optical monitoring can be used to evaluate clinically
relevant parameters such as TAC, TRS and reduction ratio, which make it
possible to assess HD adequacy more universally. Therefore, optical monitoring
of HD can be used as a non-invasive tool to potentially improve patients’ health
outcomes.

In conclusion, this thesis demonstrated that novel spent dialysate-based optical 
methods could be applied for more universal dose quantification of HD, which may 
provide more adequate HD treatment. 
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Lühikokkuvõte 
Uudsed dialüsaadipõhised optilised meetodid universaalsema 
hemodialüüsravi doosi määramiseks  
Hemodialüüsravi (HD) on neeruhaiguse lõppstaadiumis patsientide raviks enim 
rakendatav elusäilitav neeruasendusravi vorm, mille käigus eemaldatakse patsientide 
verest ureemilisi ühendeid ja liigne vedelik. Võrreldes teiste krooniliste haigetega on 
neeruhaiguse lõppstaadiumiga patsientide suremus üks kõrgemaid. Patsientide elumuse 
parendamiseks on tarvis seega suurendada HD ravikvaliteeti ja tõhusust.  

Selle saavutamiseks on soovitatud HD ravidoosi hindamisel ja määramisel kasutada 
senisest personaalsemat ja mitmedimensionaalsemat käsitlust, mis arvestaks lisaks 
traditsioonilisele mõõdikule Kt/V uurea muuhulgas keskmisega suurusega ureemiliste 
ühendite markermolekuli β-2-mikroglobuliini (B2M) raviaegse eemaldamise efektiivsusega 
ja patsiendi säilinud neerufunktsiooniga. Ühtlasi on erinevate HD ravistrateegiate mõju 
ureemiliste ühendite eemaldamisele kõige parem hinnata nende ühendite tegeliku 
kontsentratsiooni järgi patsiendi veres, mis võib olla ajas keskmistatud kontsentratsioon 
(TAC) või HD-eelne vereproovi kontsentratsioon.  

Praktikas on aga nende mõõdikute määramiseks tarvis kulutõhusaid ja töökindlaid 
meetodeid ning tööriistu. Seejuures on varasema töö käigus välja arendatud suure 
täpsusega optilised meetodid Kt/V uurea ja valkudega seonduvate ja väikeste vees 
lahustuvate molekulide markerite indoksüülsulfaadi (IS) ja kusihappe (UA) dialüüsiaegse 
eemaldamise määramiseks, mis põhinevad dialüüsiseansi käigus tekkiva dialüsaadi UV-
kiirguse neelduvuse ja fluorestsentsi mõõtmisel. Samas on puudu usaldusväärne optiline 
meetod B2M ja neerufunktsiooni markerite määramiseks. Lisaks pole dialüsaadipõhiste 
mõõtmiste abil üritatud hinnata ureemiliste ühendite kontsentratsiooni patsiendi veres. 

Käesoleva doktoritöö eesmärgiks oli välja töötada uudsed dialüsaadipõhised optilised 
meetodid, mida oleks võimalik rakendada universaalsemaks HD ravidoosi määramiseks, 
et tagada kvaliteetsem HD-ravi. Täpsemalt keskendus doktoritöö dialüsaadi optilistel 
mõõtmistel põhinevate algoritmide väljatöötamisele, et hinnata B2M-i ja uudse 
endogeense neerufunktsiooni markeri C-mannosüültrüptofaani (CMW) raviaegset 
eemaldamist ning kontsentratsioone. Lisaks hinnati markerite uurea, B2M, UA ja IS 
dialüüsraviaegse seerumi TAC-i määramise teostatavust dialüsaadi kontsentratsioonidest 
lähtuvalt.  

Käesoleva doktoritöö publikatsioonid on avaldatud 78 neeruhaiguse lõppstaadiumis 
patsiendi raviandmete põhjal, keda jälgiti 312 erineva HD seansi ajal. Kogutud vere- ja 
dialüsaadiproovide analüüsimiseks kasutati referentsina kõrgsurvevedelikkromatograafiat 
(HPLC) või kliinilise keemia meetodeid hindamaks optiliste meetodite ja algoritmide 
täpsust, mis põhinevad dialüsaadi fluorestsentsi ja UV-neeldumise mõõtmisel. 
Töö peamised tulemused on:  

• Keskmise suurusega molekulid moodustavad märkimisväärse osa dialüsaadi
optilistest signaalidest, mis arvatavasti tuleneb peptiidide ja valkude
trüptofaanijääkide või glükeerimise lõpp-produktide fluorestsentsist.

• Dialüsaadi optilised mõõtmised mitmel erineval lainepikkusel võimaldavad
suure täpsusega hinnata B2M-i kontsentratsiooni dialüsaadis ning hinnata
keskmise suurusega ureemiliste molekulide dialüüsiaegset eemaldamist.

• Endogeense neerufunktsiooni markeri CMW kontsentratsioon on lõppstaadiumis
neeruhaigusega patsientidel üle kümne korra kõrgem võrreldes tervete
inimestega.
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• CMW dialüüsiaegne eemaldamiskineetika on sarnane väikestele vees
lahustuvatele molekulidele. Dialüsaadi optilised mõõtmised mitmel erineval
lainepikkusel võimaldavad hinnata CMW dialüüsiaegset eemaldamist ning
kontsentratsioone. Välja töötatud optiline meetod võib tulevikus aidata hinnata 
CMW mõju neerupuudulikkusega patsientide tervisele või olla kasulik
neerufunktsiooni hindamisel.

• Ureemiliste ühendite kontsentratsioonid dialüsaadis ja eemaldatud ainete
koguhulk on proportsionaalne patsiendi veres leiduvate ureemiliste ühendite
dialüüsiaegse TAC-iga. Käesolev doktoritöö näitas esmakordselt, et uurea, UA,
IS-i ja B2M-i dialüüsraviaegseid kontsentratsioone veres saab ennustada nende
ühendite dialüsaadi kontsentratsioonidest lähtuvalt. Sellest võib olla abi
dialüüsravi ureemiliste ühendite kehast eemaldamise efektiivsuse hindamisel.

• Dialüsaadipõhiste optiliste meetoditega saab mitteinvasiivselt hinnata
kliiniliselt olulisi parameetreid nagu ureemiliste ühendite TAC, eemaldatud aine
koguhulk ja suhteline eemaldamise määr, mis võimaldab hinnata HD
efektiivsust ja ravidoosi universaalsemalt. HD optiline monitooring võiks seeläbi
potentsiaalselt parendada HD ravikvaliteeti.

Kokkuvõtvalt näitas käesolev töö, et uudseid dialüsaadipõhised optilisi meetodeid on 
võimalik rakendada universaalsemaks HD ravidoosi määramiseks, et tagada potentsiaalselt 
efektiivsem HD-ravi. 
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Appendix 1 – Overview of the clinical set-up 

Figure 8. Overview of the clinical set-up during the studies. In case of zero net ultrafiltration, 
ultrafiltration rate is equal to substitution fluid’s flow rate (Qsub) and spent dialysate flow rate 
(Qsp) is the sum of Qsub and dialysate flow rate (Qd) in post-dilution haemodiafiltration regime; 
with Qb marking the blood flow rate. 
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Appendix 2 – Publication I 

Publication I 
Paats, J., Adoberg, A., Arund, J., Fridolin, I., Lauri, K., Leis, L., Luman, M., Tanner, R. (2021). 
Optical Method and Biochemical Source for the Assessment of the Middle-Molecule 
Uremic Toxin β2-Microglobulin in Spent Dialysate. Toxins, 13, 255. 
https://doi.org/10.3390/toxins13040255. 
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Paats, J., Adoberg, A., Arund, J., Dhondt, A., Fernström, A., Fridolin, I., Glorieux, G., 
Gonzalez Parra, E., Holmar, J., Leis, L., Luman, M., Perez-Gomez, V. M., Sanchez-Ospina, 
D., Segelmark, M., Uhlin, F., Ortiz, A. (2023). Time-averaged concentration estimation of 
uraemic toxins with different removal kinetics: a novel approach based on intradialytic 
spent dialysate measurements. Clinical Kidney Journal, 16(4), 735–744. 
https://doi.org/10.1093/ckj/sfac273. 
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� ���-�+������	�		�		�%��	!%���%!,��'�+���		�		��-F�GH ���6D+��+ 	 ������7 ���	%���,��)���,%	�)�����	�		�!,���-KT6NX6NLM�"+�	,�%(��!(��%!�	!%��,�%!�����&%�	%� ��	D��++�-+��������%!,���!�������	�	�����KNXM��̂����%,�����!%���%���-!��+%�	�+���%�%���7 ���(�%%�	�!,���-���%D�+�	�! �����% 	!%���%���-%&! ���,�� ���!���%'��	���+�% �Z%D %&�&Z ��������	���&�%! ����)�	�	!��+���	@	,��������	���CKNNONPM�#	�+�!�		%&�%')��	��!%*��&�%! (�%%��%�+������	����	,�%,%���%����%�+������	���Z%DG�����.���������������%KNL6NRM���+���	�%& 	��-!�!(����	D��+��-��-�(����	%�,��%���,�����6	 �+�	,%��	 �&%��)(�	��!�!(����	KNSM6D�+�,%�+�	�.���+���+��%���������%�%& ���!���%'��	��	,��������	����% ��(� 	���%,����	����	��!���(�%%�"#$*�� �	&�%! ���+�����	�		�	)	�%��_%&��6�����	���)(�	��!��+%�	+�*����(����*�� ���%�%&F�GH ���6�+���!%*������%����+��%���!�		%&��!%*��	%)� ��	6,�%*����-������%�����&%�!���%��(% ������!���7 �����KNN6NQ6NT6NUM�"+���! %&�+�	D%�\D�	�%�	��!����������������	�� !"#$ %& ���6 �������@I#C6���%'��	 �,+���@�_C��� Ǹ)!���%-�%( ��� @̀N]C&�%! �+��� �%���������%�	 �� 	,��������	����I���6I#6�_��� Ǹ] D����%�	�������	!��\��	&%��+��+���-������ ���!���%'��-�% ,	(�	��%���&&�����,+�	��%�+�!�����+��������	���	�����!%*��\������	6��!���	!���D����)	%� (���%!,% ��	6,�%����)(% �� �%!,% ��	���!�����!%��� ��	KNTM�ab:c;8bdeb9=ac:f<=e$�����������D�����7 ����&�%! &% �	�,����������	�	������	&�%!�% �����	D��+��*��	���&��',��������	6�������,����!����+���,����������	���\���������	,��������	g[%��+h	�%���]������$�����6"������6h	�%���@NN,������	Cij��\k,��-I��)*��	���A%	,����6j��\k,��-6_D����@NL,������	Cil+���I��)*��	���A%	,����6l+���6m��-� ! @LR,������	C���Y �����n���!o��.Bp�.I��*��	���A%	,����A����+J�	����+��	��� ��6]�����6_,���@NX,������	C�"+����������+��������	���	%&�+�TU,������,���	!%���%���&%���%���%&QLN�����	�	,�%��� ��	+�*�(�����	���(��KNUM������	 !!���.����_ ,,��!������"�(��L�#��	� ���	D���,��&%�!�������%������D��+�+�B��)������%�%&A��	��\��&����,,�%*��%&�+�	� ��,�%�%�%�(��%�����+��	�%!!�����	���&%�!���%�	���D�	%(������&�%!���	 ()V���	��*%�*�����+�	� ��KNUM����� 	�%���������D����-�qLU����	i�+�%���ABi�+����D��\��AB,�%��� ��	&%�Q�ROP�R+% �	6,��&���(��*��������%*�)�% 	E	� ��%�-��&�i��+��*�(��(�%%�Z%D%&�����	�QXX!�G!��i�(	����%&��������	�-�	%&��&����%�%�%�+������*��� �����������%!,������%�	������	��!������&��',�������qS!%��+	�h��+,������ ����D���&% �AB	�		�%�	6���+��!� 	��-���&&�����AB	�����-6�		 !!���.����_ ,,��!������"�(��N�����	���(����������,��*�% 	��KNUM�m�%%����	,��������	���	�!,��	D����%�������� ���-���+�����	�		�		�%�KNUM�_�� !���	,��������	����%���������%�	%& ���!���%'��	D��������!��������������%�������������(%���%���	�	��	���(���������KNU6NWM���	+%��6 ���6I#��� Ǹ] D����		�		����
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�����������������>�O��>;���̂ î S_g()*)+-T.G(F/44�0��1�.22�������2*)�*)3F28���)D)*4�4*E*�FG4�DG(�b����;��e98���>����89X���D���XJ�c��;��������������5��;>��������;?����>�����D���1�����5>;������;������������.��0��=>������1�����S&
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Appendix 4 – Publication III 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
Paats, J., Adoberg, A., Leis, L., Arund, J., Lauri, K., Luman, M., Tanner, R., Holmar, J., Pilt, 
K., Fridolin, I. (2025). Intradialytic optical assessment of C-mannosyl tryptophan removal 
using spent dialysate. Scientific Reports, 15(1), 20052. https://doi.org/10.1038/s41598-
025-01844-z. 
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���	�_����A������	�F��e�������������6�8������������������������������97<}7�����1�������8=787���1��1�������������8�����8�����������m(]�"&�y�V �qK	�4-/:04-//���������1���2�3�3���������������3�4�.���4�4�4�4�3�L���4�:�9�-�7�4�>�:�:���9�.�.�5���.�.�:�9�4���M�����<9..5=��9>��_��B�|��	�N��F������8��o��������8��������������������7����������8��������������1��9����D����2�N���D�8������������m(]�"&�y�V �+K	�494504995�����1�233�������34.�4.-;3���9.4-�5/>�<9.45=��9;������	�T������8��C�����8�6�8����������6�8�D����������8�����������������Y8��������������1��1���7����6������������M������������1���������y�V �[ �\)* �iP( �j,	�4:99�����1�233�������34.�--/.3�L��94.54:99�<9.9.=��9/��F����	�T�	�X����	�N�	�o�8��	�a�	�?�����	������a����8��	�n��n��~�����������6�8������������������6�8����1�������D��������������8�����������8�������$�)i��GZ�,,	��.4:�:54�����1�233�������34.�4->43L�����8�1����.4:�:54�<9.4�=��-.��t�������	�N�	�����7C�����|	�N��n�	�������	���������|7N�O�DD��	���N���D�8��������6��8���8�6��������������M�������������88����������������������1����8��8���88������6���1�����������������D8��D�B�8����������1���������\"VUz)*)R(P'�,K	�;9���������1���2�3�3���������������3�4�.���4�.�.�>�3���4�4�-�.���7�.�4�/�7�4�:�5�-�7�.�����<9.4/=��-4��a����	�F��v�	�C�8�������	�F��n�	�O�|�����6�	�n��N����?���6���6	�O��O��a8������������������������8�������B����������D���D�����������Y8����������������������$�)i��GZ�S	��4.-;>;�����1�233�������34.�4->43L�����8�1����.4.-;>;�<9.45=��-9��
���	�?�	�����	�X�7A����X�	�c�7X��F���6��B�����������������������������������~����������������7Y8�������������~������������1���������HH* �iH"PVI)'P �!"# �Kj	�;;-0/.;�����1�233�������34.�4.;.3.:>.5/9;�9.4>�4-5:>:;�<9.4>=��--��o�8��	�a�	�a����8��	�n�	�N��������	�N����X���D���	�X�7@��c��8����������<��36=������8��������6����������������6��������������������������8���6��8��7�D���D�����<��78���=	�D8��������	����8������������������������8��������G"H%I)* �p(U* �fIU�'H*U�V �j,	�999:099-4�����1�233�������34.�4./-3���3�~45>�<9..�=��-5���8���	�T��N����F8����	�c��@��C���������8���������������������������������D��B�����B��������������8�����8���������������U�P"V�Wjk	�-.>0-4.�����1�233�������34.�4.4�3C.45.7�>-�<;�=/.;->7;�<4/;�=��-:��̀�D�����	�O��\�*V(#UI(UV"�]UVU�U�U*&'('�(��HIUPV(P" �y�VI)]�PV()��V)�R�*V(#UI(UV"�]UVU�U�U*&'('�U�]�"gH"I(R"�VU*�]"'(J���<�FNd�C��B���	�d�8�	�9../=��-���̀8���	�C������8��O�������D���6�������������������������������������������B����7��8�D8�����1�����2�e���������������������������1�������m(]�"&�y�V �qk	�4:��04:>:�����1�233�������34.�44443L�4:9-74>::�9..:�..9-;�M�<9..:=��->��a����8��	�n�	�N��������	�N����X���D���	�X�7@��d�78��������������������8�����������8�������������D���1���������8���6��8������������2�?�����b���������1������y�V �[ ��IV(� ��IJU�'�jK	�>5;0>�4�����1�233�������34.�44>>3.-/4-/;;.9.9:..;.9�<9..9=��-;��@�����	�X��T��c��8�����7D�����������������8������]# �!"� �!"H*UP" ��"I �j	�-.:0-4;�����1�233�������34.�4.4�3C4.>-7555/<49=;..9/7��<4//:=��-/��X��	��7C������8���������b���������6���������������������8�����8�1����������������B������7~�M�1�8���8������������8�|��������������8����2�v�8�������������D8���7D��������18��������������8�6����������������8�����b�����Y���������IV(� ��IJU�'�̂j	�̀::0̀�������1�233�������34.�44443����4-.44�<9.4;=��5.��C���8�	�������8��a���������6������������8�����2�����������|����������7�������8���1��1��������1��������������������������������������������iP( �!"H �k	�4>5..�����1�233�������34.�4.-;3�54:/;7.4>74>4.>7:�<9.4>=��54��v����8���	������	�̀8���	�C����@8�����M	�@��X�����X��a�������6���������������������������M�������������������R �[ �m(]�"&�p(' �qk	���50�>������1�233�������34.�4.:-3L��L���9.4:�.;�.9/�<9.4�=��59��N����	�?��
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[bookmark: _Toc200628374]Introduction

[bookmark: _Hlk197509054]Chronic kidney disease (CKD) is a non-communicable disease that affects over 8% of the global population (Jager et al., 2019; Guo et al., 2025) and is a major driver of premature mortality (Kovesdy, 2022; A. Francis et al., 2024). In the end stage of CKD (ESKD), 
life-sustaining kidney replacement therapy (KRT) is required to remove uraemic solutes and excessive fluid, normally excreted by the kidneys, and thereby prevent death from uraemic syndrome (Vanholder et al., 2018, 2025). Globally, around 4 million patients are receiving KRT of which haemodialysis (HD) accounts for approximately 70% (Bello et al., 2022), with this figure reaching up to 98% in Japan (Hasegawa et al., 2025). 

However, ESKD patients on chronic HD have amongst the highest mortality (Boenink et al., 2024; Flythe & Watnick, 2024) and the lowest health-related quality of life reported in patients with chronic diseases (Ranchin & Shroff, 2024; van Oevelen et al., 2024), despite advancements in HD treatment technologies and patient outcomes (Canaud et al., 2020; Bello et al., 2022). Therefore, improvements in HD treatment quality and adequacy are essential to enhance the long-term prognosis of ESKD patients. 

Although it has been acknowledged and advocated that HD treatment adequacy should be more personalised and multidimensional (Chan et al., 2019; Rosner et al., 2021; Torreggiani et al., 2021), Kt/V urea remains the basic recommended measure in clinical guidelines for dialysis dose quantification regardless of insufficiently representing removal of other clinically significant uraemic solutes (Meyer et al., 2011; Vanholder, Glorieux, et al., 2015; Rosner et al., 2021). Indeed, it has been proposed to prescribe HD dose using multiple measures, including clearance of additional biomarkers such as prototypical middle molecule β-2-microglobulin (B2M), and residual kidney function as measures among other biological and clinical markers (Chan et al., 2019; Vanholder 
et al., 2019; Rosner et al., 2021; Torreggiani et al., 2021). 

On the other hand, it has been suggested that the impact of HD treatment, independent of dialysis strategies, on different solutes removal could be best described by the actual blood concentrations of uraemic solutes over a period, i.e., time-averaged concentration (TAC) (Eloot et al., 2009, 2012), or using pre-dialysis concentrations (Rosner et al., 2021). Still, implementation of these suggestions in practice requires methods and measurement tools for evaluating and monitoring biomarker-related measures, which can be challenging due to the lack of availability of cheap, easily performed, and accurate technologies (Canaud et al., 2020; Rosner et al., 2021; Torreggiani et al., 2021). 

Non-invasive spent dialysate based traditional Kt/V urea monitoring technologies are proven to be reliable, cost-effective alternatives for conventional blood sample-based analysis, using enzymatic-, conductivity- and optical sensors for spent dialysate analysis (Lindsay & Sternby, 2001; Rački et al., 2005; Uhlin et al., 2006; Kanagasundaram et al., 2008; Castellarnau et al., 2010). Furthermore, fluorescence and ultraviolet (UV) absorption measurements of spent dialysate have shown broader applicability for 
real-time and on-line monitoring of prototypical marker molecules of protein-bound and small water-soluble uraemic solutes, such as indoxyl sulfate (IS) and uric acid (UA) with reasonable accuracy for clinical practice (Holmar et al., 2012; Arund et al., 2024; Paats 
et al., 2024). Yet, a reliable optical method for middle molecules marker removal monitoring has not been developed despite attempts (Holmar et al., 2011; Lauri et al., 2020; Uhlin et al., 2015).

In addition, the preservation of residual kidney function remains of great importance for ESKD patients as it contributes to the removal of uraemic solutes and maintaining homeostasis (Davenport, 2017; Torreggiani et al., 2021). Nevertheless, monitoring of residual kidney function of ESKD patients remains challenging with the current techniques for which endogenous kidney function marker-based (such as creatinine, cystatin C, B2M, β-trace protein) equations are potential alternatives (Shafi et al., 2016; Davenport, 2017; Shafi & Levey, 2018). 

C-mannosyl tryptophan (CMW) is a novel endogenous kidney function marker (Yonemura et al., 2004; Sekula et al., 2016), which levels are strongly related to glomerular filtration rate (GFR), and one of the strongest and independent markers of GFR decline and health outcomes such as death in the cohort of non-dialysis CKD patients (Steinbrenner et al., 2021, 2024; van der Burgh et al., 2024). Therefore, knowledge of CMW levels of ESKD patients could be useful for monitoring residual kidney function and evaluating the overall effectiveness of HD treatment in lowering uraemic solutes. While CMW is an intrinsic fluorophore (Horiuchi et al., 1994; Gutsche et al., 1999), no attempt has been made so far to evaluate CMW concentration in spent dialysate using optical methods and removal characteristics of CMW during HD remain unknown.

The purpose of this thesis was to explore novel spent dialysate based optical methods, which could be applied for more universal dose quantification of HD with the potential of ensuring more adequate HD treatment. In specific, the thesis focused on development of predictive models based on optical measurements of spent dialysate using a spectrophotometer and a spectrofluorometer to monitor removal of B2M as a marker of middle molecules and evaluate intradialytic levels and removal of endogenous kidney function marker CMW. Furthermore, the feasibility of estimating intradialytic serum TAC values from spent dialysate concentrations was studied.

The thesis is prepared based on three publications. Publication I explores the contribution of middle molecules to the optical properties of spent dialysate and provides a novel advanced optical method based on the UV absorbance and fluorescence of the spent dialysate for the evaluation of B2M haemodialytic removal and concentration in spent dialysate as a marker of middle-sized uremic retention molecules. Publication II studies the feasibility of estimating intradialytic TAC of clinically relevant prototypical uraemic solutes of urea, UA, IS, and B2M in blood from spent dialysate measurements using high-performance liquid chromatography (HPLC). Publication III evaluates levels of an endogenous novel biomarker CMW in ESKD patients’ blood and spent dialysate during the dialysis for the first time and investigates the possibility of optics-based estimation of haemodialytic removal and TAC of CMW.
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[bookmark: _Toc200628377]Kidneys

The kidneys (Latin: renes) are paired, bean-shaped organs located in the retroperitoneal space of the abdominal cavity. They form a functional part of the urinary system and are essential for maintaining homeostasis in the human body by controlling the volume, ionic constituent, osmolarity, and pH of plasma, as well as removing metabolic waste products and exogenous substances from plasma to urine. These functions are accomplished through regulation of the excretion rates of water, specific ions (Na+, K+, Ca2+, Mg2+, Cl-, HCO3-, H+, HPO42- and H2PO4-), solutes (e.g., urea and creatinine), and their relative excretion rates into urine. Additionally, kidneys are involved in the production or metabolism of hormones, such as adrenaline, angiotensin II, and vitamin D. (Stanfield, 2013).

The functional units of the kidney are the nephrons (Figure 1), where blood is purified and urine is formed based on processes of filtration, reabsorption, secretion and excretion. 
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[bookmark: _Ref184035693]Figure 1. Kidney and nephron (National Institute of Diabetes and Digestive and Kidney Diseases, 2024).

At rest state, 20–25% of the cardiac output is directed to the kidneys. The first step of blood purification in nephrons involves glomerular filtration, which is the ultrafiltration of plasma through the glomerular capillaries to Bowman’s capsule, producing glomerular filtrate, also termed primary urine. In healthy young adults, about 180 L of primary urine is produced per day, corresponding to a GFR of 125 mL/min (Julian et al., 2009; Stanfield, 2013). 

The composition of glomerular filtrate resembles that of plasma, except it lacks cells and most of the plasma proteins, which is determined by the properties of the 
glomerular filtration barrier (GFB) between the glomerular capillaries and Bowman’s capsule (Haraldsson et al., 2008; Julian et al., 2009). The GFB is structurally complex, being composed primarily of glomerular endothelial cells, glomerular basement membrane, and podocytes, which together achieve highly size- and charge-dependent permeability-selectivity of solutes (Haraldsson et al., 2008; Menon et al., 2012). Often, the permeability of the GFB for a solute with ultrafiltration is characterised by the sieving coefficient (SC), which is the ratio of a solute concentration in the filtrate to the solute concentration in plasma water in the absence of a diffusion gradient, with values ranging from 0 (no passage) to 1 (free passage) (Ronco, 1998). Specifically, macromolecules with molecular weight of 60–70 kDa, such as albumin, are largely retained in the capillary lumen and have negligible SC close to 0, whereas molecules with molecular weight 
< 20 kDa, such as urea, water, electrolytes, proteins, and glycose permeate the GFB freely (Haraldsson et al., 2008; Julian et al., 2009).

Next, glomerular filtrate flows through the renal tubules, from where water and solutes are actively and passively transported to the interstitial fluid surrounding tubules and are thereafter reabsorbed into the peritubular capillaries by diffusion. This includes glucose, amino acids, proteins, and electrolytes. Additionally, some solutes diffuse or are actively and selectively secreted from the peritubular capillaries to the interstitial fluid and then through the renal tubular cells into the ultrafiltrate, in a process reverse to reabsorption (Stanfield, 2013).

The resulting fluid is directed to collecting ducts from individual nephrons where the fluid’s composition is further modified similarly before being excreted as a urine, approximately 1–2 L per day (Stanfield, 2013). 

[bookmark: _Toc200628378]Chronic kidney disease and kidney failure

With aging, GFR declines gradually over time, even in the absence of comorbidities or CKD, with a decline rate between 0.37 and 1.07 mL/min/year for healthy adults (Guppy et al., 2024). In the presence of disease, GFR decline or impairment of other kidney functions can occur at an increased rate and lead to CKD, for which diabetes mellitus, hypertension, and heart disease are the leading underlying causes (A. Francis et al., 2024).

According to the Kidney Disease: Improving Global Outcomes (KDIGO) 2024 guidelines (P. E. Stevens et al., 2024), CKD is defined as usually irreversible abnormalities of kidney structure or function, present over 3 months, with health implications. Various markers of kidney damage are used to characterise specific functions of kidneys (Tesch, 2010; Zhang & Parikh, 2019), with the most used markers for CKD determination being 
GFR < 60 mL/min per 1.73 m2 of body surface area, or urine albumin-to-creatinine ratio > 30 mg/g (> 3 mg/mmol). In clinical decision-making, CKD categorisation and progression monitoring, estimated GFR (eGFR) values are mainly used (P. E. Stevens 
et al., 2024), calculated using equations based on endogenously produced creatinine levels in serum, rather than measuring plasma clearance of exogenous filtration markers (L. A. Stevens & Levey, 2009). 

CKD is a progressive disease, and if uncontrolled, it can lead to ESKD, i.e., chronic kidney failure or stage 5 of CKD, when GFR has dropped below 15 mL/min per 1.73 m2 of body surface area (P. E. Stevens et al., 2024). Independent of CKD, kidney failure can also occur acutely, often as a complication of another serious illness, trauma, or intoxication, which can be reversible. In either case, KRT is required for patient survival, chronically or temporarily, to remove excessive fluid and waste products.

KRT can be applied to patients in the form of kidney transplantation or blood purification via dialysis. Dialysis options include peritoneal dialysis or HD, which use the peritoneum (a serous membrane inside the abdomen) or an artificial kidney for blood purification, respectively. 

Although transplantation is the preferred modality of KRT for cost-effectiveness and patient survival, it is not available for all ESKD patients due to a shortage of organ donors or contraindications for transplantation (Abecassis et al., 2008). Therefore, HD is the most common option at the initiation of KRT (Boenink et al., 2024) and accounts for approximately 70% of all KRT and about 90% of all dialysis treatment (Bello et al., 2022). Despite being a life-sustaining therapy and an interim solution for patients awaiting 
a kidney transplant, HD does not replace all the kidney functions, such as metabolic, endocrine, and immune functions, or selective secretion of substances. Moreover, 
the simultaneous removal of all uraemic solutes remains challenging (Rosner et al., 2021). Consequently, ESKD patients, who are mainly on intermittent HD treatment, suffer from symptoms related to uraemia due to the accumulation of uraemic solutes (Vanholder et al., 2018), and the five-year survival rate after initiation of HD treatment is roughly around 40% (Boenink et al., 2024; Flythe & Watnick, 2024).

[bookmark: _Toc200628379]Haemodialysis 

During HD treatment, the patient’s blood is transported extracorporeally through an artificial dialyser, which is composed of semipermeable hollow fibres, surrounded by dialysis solution flowing counter current to the blood in the fibres (Figure 2).
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Figure 2. Haemodialyser and haemodialysis machine in post-dilution haemodiafiltration regime. 
In case of zero net ultrafiltration, ultrafiltration rate is equal to substitution fluid’s flow rate (Qsub) and spent dialysate flow rate (Qsp) is the sum of Qsub and dialysate flow rate (Qd); with Qb marking the blood flow rate. 

In maintenance HD, the movement of solutes across the semipermeable membrane of fibres is bidirectional, and the removal of substances from the bloodstream is mainly driven by mechanisms of diffusion and convection. These processes are influenced by the properties of the specific dialyser and treatment settings, such as the flow rates of blood and dialysis solution, and the transmembrane pressure of a dialyser, which are regulated with HD’s machine (Azar & Canaud, 2013).

[bookmark: _Toc200628380]Dialyser membranes and haemodialysis modalities

To achieve biocompatibility and size-selective removal of substances during HD, various types of polymers are used to manufacture dialyser membranes (Tangvoraphonkchai & Davenport, 2017), with polysulfone-based membranes being the most used membranes in HD treatment (Ronco & Clark, 2018; Bowry & Chazot, 2021). Regardless of the composition, hollow fibres of modern dialysers have a relatively standard inner diameter of 180–220 μm, wall thickness of 20–50 µm and length of 20–24 cm; with thousands of fibres together resulting in a total membrane surface area in range of 1.4 to 2.2 m2 (Clark et al., 2017; Ronco & Clark, 2018).

Apart from fibre dimensions and physiochemical properties of the membrane, the main properties of the membrane that influence the efficacy of solutes removal are morphological: mean pore size, size distribution, and porosity of the membrane. In terms of size-dependent membrane permeability, the solute is able to permeate the membrane if the mean pore size of membrane is higher than that of the specific solute (Ronco & Clark, 2018; Bowry & Chazot, 2021).

In addition to the abovementioned, other parameters can be used to characterise properties of dialyser membranes, such as the ultrafiltration coefficient (Kuf), the diffusive mass transfer coefficient, hydrophilicity, and sieving curves (Ronco & Clark, 2018).

Along with the development of dialyser membranes, contemporary classification of membranes has been proposed based on the water permeability, characterised by Kuf, and the permeability of membranes for different solutes (Ronco & Clark, 2018; 
García-Prieto et al., 2023). Accordingly, dialysers are categorised as low-flux 
(Kuf < 20 mL/min/mmHg) and high-flux (Kuf > 20 mL/min/mmHg) (Bowry et al., 2021), medium cut-off or high cut-off (Ronco & Clark, 2018), with each dialyser having different SC for solutes in terms of molecular weight (Figure 3) (Storr & Ward, 2018; García-Prieto et al., 2023). Meanwhile, medium cut-off membranes are considered to have sieving curves closest to native GFB (Storr & Ward, 2018).
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[bookmark: _Ref186722481]Figure 3. Classification of dialyser membranes according to the water permeability and sieving coefficients (SC) to low-flux (LF), high-flux (HF), medium cut-off (MCO) and high cut-off (HCO) membranes. The horizontal lines of molecular weight cut-off (MWCO) and molecular weight retention onset (MWRO) correspond to SC values of 0.1 and 0.9, respectively, adapted with permission from SNCSC (Ronco & Clark, 2018).

Moreover, HD modalities are distinguished based on the dominant mechanism of solutes removal as conventional HD (diffusion), hemofiltration (convection), or haemodiafiltration (HDF), which combines both diffusion and convection (Azar & Canaud, 2013). To compensate for the loss of blood volume during HDF therapy due to ultrafiltration, sterile substitution fluid, with a composition similar to the dialysis solution, is directed to the bloodstream either up- or downstream (in pre- or post-dilution HDF, respectively) of the dialyser (Canaud et al., 2024). In clinical practice, the type of modality, dialyser, and treatment settings are chosen based on the patient-specific clinical needs (Azar & Canaud, 2013).

[bookmark: _Toc200628381]Solutes removal during haemodialysis

In the case of using HDF modality and dialysers with the negligible effect of adsorption on solutes removal, such as polysulfone-based dialysers (Ficheux et al., 2011), the clearance of blood from uraemic solutes by a dialyser can be described using blood-side measurements as:



where KTot is the total volume of blood completely cleared of a given solute per unit time [L⋅min-1] through a combination of diffusive KDiff and convective KConv clearances; Qb is the blood flow rate into the dialyser [L⋅min-1], QF is the ultrafiltration rate [L⋅min-1] and CBi and CBo are blood inlet and outlet concentrations of a given solute [mmol⋅L-1], respectively (Sargent & Gotch, 1979). In other words, whole blood clearance (KTot) is the ratio of mass removal rate to the blood concentration of a solute (CBi) (Clark, 2001).

Therefore, in addition to the blood-side measurements, the clearance of a substance from blood can be quantified from spent dialysate measurements with the knowledge of CBi due to mass balance across the dialyser:



where KD is dialysate-side solute clearance, Qd is the flow rate of dialysate [L⋅min-1], and CDo is outlet concentrations of a given solute in spent dialysate [mmol⋅L-1] (Clark, 2001). 

As the primary mechanism of solute removal for smaller solutes is diffusion and clinically applied convection rates have a smaller effect (Ficheux et al., 2000) on the total clearance, Equation 1 can be simplified as follows (Sargent & Gotch, 1979):



If the dialyser remains functional during HD and treatment settings, such as Ktot and Qd are known, the blood concentration of smaller solutes can be estimated from solutes’ spent dialysate concentrations (Fridolin et al., 2002; Ficheux et al., 2010):



However, according to the Fick’s law of diffusion (Ronco, 1998), the solute’s diffusive removal depends on its diffusion coefficient, which is inversely related to the particle radius as per the Stokes–Einstein relation (Pstras et al., 2022). Consequently, diffusive clearance decreases with increasing solute molecular weight, while the contribution of convective removal to total clearance increases for larger molecules when using the HDF modality (Clark et al., 2017). Therefore, when predicting blood concentrations of larger solutes, convective clearance should be accounted for, which depends on the ultrafiltration rate and SC of a specific dialyser for a solute (Ronco, 1998). 

Although in vivo measured SC of marker molecules could be available for dialysers, these are not directly applicable in clinical settings due to membrane and blood interactions, which can cause secondary membrane formation and concentration polarisation that affects the efficacy of convective solute clearance and results in discrepancies between blood-side and dialysate-side measurements (Röckel et al., 1986; Clark, 2001; Hulko et al., 2018; Ronco & Clark, 2018; Melchior et al., 2021; Zawada et al., 2022). This increases the complexity of predicting blood concentrations of larger solutes.

Nonetheless, for smaller solutes, diffusive clearance is primarily affected by the blood flow rate, described by a parabolic function (Ronco, 1998; Ouseph & Ward, 2001; Bhimani et al., 2010; Azar & Canaud, 2013), and the clearance values for individual solutes can be precisely predicted with the knowledge of treatment settings (Ficheux 
et al., 2000).

Although HD treatment is conventionally prescribed for ESKD patients thrice weekly with 3-4 hours per session (Htay et al., 2021), these patients still suffer from symptoms of uraemia, caused by uraemic solutes with diverse physicochemical characteristics and dialytic removal patterns that complicates their removal with HD as efficiently as with kidneys (Vanholder et al., 2018; Rosner et al., 2021).

[bookmark: _Toc200628382]Uraemic solutes 

Uraemia, uraemic syndrome in other words, can be described as a malfunctioning of different organ systems, which results from the accumulation of organic waste products that would be excreted or metabolised by the kidneys under normal conditions, leading to increased morbidity and mortality (Meyer & Hostetter, 2007; Glassock, 2008; Vanholder 
et al., 2018).

Several hundred different uraemic retention solutes have been identified that have elevated levels in uraemia (Duranton et al., 2012; Tanaka et al., 2015; Vanholder et al., 2018; Hu et al., 2022; European Uremic Toxins Work Group, 2025). Specifically, uraemic solutes that contribute to the uraemic syndrome and may directly exert pathophysiological effects are termed uraemic toxins based on experimental research, observational studies, and randomised controlled trials (Vanholder et al., 2018, 2025). 

[bookmark: _Toc200628383]Classification of uraemic solutes

Historically, uraemic solutes have been subdivided into three main groups by the European Uremic Toxin Work Group (EUTox), considering their physicochemical characteristics that affect dialytic removal: small, middle, and protein-bound uraemic solutes (Vanholder et al., 2003). However, a more recent classification (Rosner et al., 2021) proposes further distinguishing subgroups of middle molecules (Table 1), as the effect of convective therapies and different HD membranes on their clearance significantly varies among these subgroups. To describe the removal of a myriad of uraemic solutes from different classes, the usage of representative biomarkers with correlation to clinical symptoms and outcomes has been proposed (Rosner et al., 2021), also considered as known markers in Publication I, II, and III of this thesis.



[bookmark: _Ref188273586]Table 1. Classification of uraemic solutes and selected prototype biomarkers with known toxicity.

		Class of molecules

		Molecular weight

		Prototype biomarkers

		Molecular weight of the prototype



		Small water-soluble molecules

		< 500 Da

		Urea, uric acid

		60 Da; 168 Da



		Protein-bound molecules



		Mostly 

< 500 Da

		Indoxyl sulfate

		213 Da



		Middle molecules

· small-middle molecules

· medium-middle molecules

· large-middle molecules

		

(0.5–15 kDa)



(> 15–25 kDa)



(> 25–58 kDa).

		β-2-microglobulin



κ- light chain



λ- light chain



		11.8 kDa





22.5 kDa



45 kDa







Within the group of small water-soluble molecules, solutes’ clearance in the dialyser is high and similar among solutes, primarily determined by diffusion (Eloot et al., 2005; Ponda et al., 2010). Yet, the removal kinetics of these molecules from the body 
can vary due to different distribution volumes, compartmentalisation patterns, and intercompartmental transport mechanisms of solutes (Eloot et al., 2005; Schneditz et al., 2009; Meyer et al., 2011). For compartmentalised solutes with slow intercompartmental transport, the effective clearance from the patient’s body may be remarkably reduced, as the mass transfer rate between compartments can limit the inflow of solute to the blood that is presented to the dialyser, even if the clearance of the solute in the dialyser is high (Schneditz & Daugirdas, 2001; Ponda et al., 2010).

For protein-bound molecules, only the unbound fraction of a solute in the blood is removable by diffusion through the dialyser, as solely the unbound, free solute, contributes to the diffusion-driving concentration gradient across the dialyser membrane (Meyer et al., 2004, 2011). Consequently, dialyser clearance of a solute is inversely related to its percentage of protein binding (Meyer et al., 2004; Eloot et al., 2016). Since the free fraction of a protein-bound solute can constitute less than 1% of the total solute in blood (Duranton et al., 2012; Daneshamouz et al., 2021), removal of protein-bound uraemic solutes is significantly hampered in comparison to small water-soluble molecules with similar size due to protein binding (Meert et al., 2008; Sirich et al., 2012; Eloot et al., 2016), posing a challenge for current KRT strategies (Sánchez-Ospina et al., 2024).

Regarding the removal of middle molecules, conventional diffusion-based HD with 
a low-flux dialyser is incapable of removing middle molecules as low-flux membranes are nearly impermeable for this group of uraemic solutes, unlike small water-soluble molecules (Leypoldt et al., 1999; Eknoyan et al., 2002; Meyer & Hostetter, 2007). To overcome the limitations of conventional diffusive removal of middle molecules, HD therapy with a medium cut-off membrane or convective HDF with high-flux membranes could be used, offering higher clearances of larger solutes (Armenta-Alvarez et al., 2023; García-Prieto et al., 2023; Biedunkiewicz et al., 2024). Although HDF therapy increases dialyser clearance of middle molecules, which is linearly related to ultrafiltration rate (Lornoy et al., 2000), the lowering of middle molecules’ levels remains limited by intercompartmental transfer rates within the body, independent of modality (Ward et al., 2006). Therefore, it has been proposed to increase the time and frequency of KRT rather than focusing on increasing the extracorporeal clearance to lower the levels of middle molecules (Ward et al., 2006).

[bookmark: _Toc200628384]Endogenous kidney function markers 

While it is important to reduce uraemic toxins levels with KRT to alleviate symptoms of uraemia (Hu et al., 2022), levels of endogenously produced uraemic retention solutes also provide valuable information for diagnosis and prognosis, as they can serves as biomarkers of kidney function, disease progression, and health outcomes (Tesch, 2010; Schanstra et al., 2015; Steinbrenner et al., 2021, 2024).

Ideally, reliable biomarkers of kidney function should be accurately measurable, indicate and identify specific types of kidney disease or kidney injury, and provide easily interpretable information applicable across various populations (Tesch, 2010). In particular, endogenous solutes should have a constant production rate, and the solutes’ levels should not be influenced by non-kidney function determinants, such as diet, muscle mass, inflammation, medication, and extrarenal elimination prior to dialysis treatment (Levey et al., 2014; Khader et al., 2025). Moreover, endogenous solutes should be metabolically and chemically stable in biofluids over time to accurately determine their levels (Gao et al., 2021; Karger et al., 2021), and correlate the biomarkers levels with residual kidney function in CKD patients prior to ESKD (Levey et al., 2014; Wasung et al., 2015). In addition, endogenous solute levels can be correlated with total kidney function for dialysis patients, which also accounts for the function provided by KRT, with the knowledge of solute’s dialysis clearance and the solute’s generation rate (Daugirdas et al., 2015; Shafi & Levey, 2018; Tattersall, 2018).

In routine clinical practice, the most established endogenous kidney function biomarker is creatinine, which is used to estimate GFR employing serum creatinine-based equations, additionally including demographic and clinical variables as surrogates for non-GFR determinants (Levey et al., 2014; Wasung et al., 2015; P. E. Stevens et al., 2024). To overcome limitations of creatinine-based equations and improve accuracy of estimations, use of alternative kidney function biomarkers has been explored, such as urea, cystatin C, B2M, β-trace protein – either in combination with creatinine or independently (Levey et al., 2014; Lopez-Giacoman & Madero, 2015; Wasung et al., 2015; Breit & Weinberger, 2016; Coresh et al., 2019; Thompson & Joy, 2022).

Still, the search continues to identify novel, reliable endogenous biomarkers that are less influenced by non-kidney function determinants to accurately evaluate kidney function and predict health outcomes (Sekula et al., 2016; Shafi et al., 2016; van der Burgh et al., 2024).

In recent large population metabolomic studies, CMW, also known as 
C-gylcosyltryptophan, has emerged as a metabolite, which concentration in serum and urine is the most strongly and independently correlated with CKD risk, progression and patients’ death (Steinbrenner et al., 2021, 2024; van der Burgh et al., 2024) among thousands of other studied metabolites. Moreover, serum concentration of CMW is strongly correlated with eGFR in different stages of CKD patients (Niewczas et al., 2014; Sekula et al., 2016; Denburg et al., 2021; Steinbrenner et al., 2021; van der Burgh et al., 2024); with CMW being even more strongly correlated to measured GFR compared to the established serum creatinine-based eGFR (Sekula et al., 2016; Takahira et al., 2001; Yonemura et al., 2004). 

In detail, monomeric CMW, with a molecular weight of 366 Da, is a degradation of 
C-mannosylatated proteins, a metabolite arising from the only known form of protein 
C-linked glycosylation in humans (Furmanek & Hofsteenge, 2000; Schjoldager et al., 2020; Minakata et al., 2021). CMW is thought to be not further catabolised in the body (Minakata et al., 2020, 2021) and be metabolically stable and resistant to hydrolysis due to the C-C bond between single α-mannose and a tryptophan residue (Hossain et al., 2018). As the clearance of CMW from the blood is similar to that of freely filtered inulin (Takahira et al., 2001), a decline in GFR leads to reduced CMW excretion from the body via urine (Horiuchi et al., 1994; Gutsche et al., 1999), resulting in exponentially rising serum concentration of CMW (Takahira et al., 2001; Morita et al., 2021). Although CMW possesses many properties of an ideal kidney function marker, chromatographical methods and mass spectrometry remain the only known methods of quantification of CMW in biofluids, which, while accurate, are costly and time-consuming.

[bookmark: _Toc200628385]Analysis methods of uraemic solutes

In routine clinical practice, fast, cost-effective, and standardised methods should be employed to ensure reliable and reproducible quantification of uraemic solutes’ concentration in biofluids. 

A variety of analytical techniques are available and used to identify and quantify uraemic solutes, such as enzymatic, colorimetric, immunological methods, chemiluminescence, nephelometry, and gel electrophoresis or chromatography coupled with ultraviolet or fluorescence spectroscopy, electrochemical detectors, mass spectrometry or nuclear magnetic resonance (Duranton et al., 2012; Vanholder, Boelaert, et al., 2015; Karger 
et al., 2021; Narimani et al., 2021).

In clinical chemistry, rapid standardised colorimetric or enzymatic methods are primarily used to determine small water-soluble solutes, such as biomarkers of creatinine, urea and UA (Elin et al., 1982; P. S. Francis et al., 2002; Karger et al., 2021; Narimani et al., 2021). 
As colorimetric methods can be influenced by other endogenous substances, such as the Jaffe reaction, and enzymatic methods require specific reagents to quantify each substance, HPLC has been proven to be a more versatile technique in research for simultaneous and accurate quantification of different uraemic solutes (Arund et al., 2012; Salazar, 2014; J. Zhao, 2015). 

For protein-bound solutes, HPLC remains the most used technique, as it has the highest selectivity and sensitivity for quantifying the protein-bound solutes’ levels. (Duranton et al., 2012; Fernandes et al., 2023; Shafiee et al., 2024). Besides, less time-consuming and inexpensive enzymatic- and immunoassays have been developed for routine analysis of the total concentration of some protein-bound uraemic toxins, such as prototype biomarker IS, yet with inferior analytical performance (Duranton et al., 2012; Fushimi et al., 2019; Abe et al., 2021; Duan et al., 2022; Shafiee et al., 2024). Still, before HPLC analysis of blood samples, additional sample preparation is required to determine the concentration of unbound or total fraction of protein-bound solutes (Vanholder et al., 1992). 

For total concentration determination, solutes can be displaced from blood proteins in the sample by heat denaturation of proteins or by protein precipitation by applying an organic solvent, acid, or salt to the sample (Poesen et al., 2015; van Gelder et al., 2020; Shafiee et al., 2024). While equilibrium dialysis is the gold standard method for the separation of the unbound fraction of the solute, ultrafiltration of the sample through 
a protein-impermeable filter can provide results with similar accuracy for most solutes, including IS (Fabresse et al., 2020). Therefore, ultrafiltration remains the most used method in the analysis of the free concentration of protein-bound uraemic toxins due to the simpler and faster sample preparation procedure (Lee et al., 2010; Eloot et al., 2016; Fabresse et al., 2020; Fernandes et al., 2023).

Considering HPLC’s accuracy and capacity for simultaneous determination of uraemic solutes (Arund et al., 2012, 2016; Boelaert et al., 2013; J. Zhao, 2015; Poesen et al., 2015; van Gelder et al., 2020; Fernandes et al., 2023), reversed-phase HPLC was chosen as 
a method of choice for determining the uraemic solutes concentration of UA, IS, and CMW in Publications I, II, and III of this thesis. Moreover, for total concentration determination of protein-bound IS, serum samples were heated to denature proteins (Fagugli et al., 2002; Boelaert et al., 2013) as the most efficient deproteinisation method (Vanholder et al., 1992); and ultrafiltration was used to remove proteins from the samples prior to the analysis of small water-soluble uraemic solutes, such as UA and CMW as described earlier (Eloot et al., 2016).

Middle molecules related to CKD, such as B2M, parathyroid hormone and cystatin-C, are routinely measured with immunoassays, turbidimetry, and nephelometry that allow accurate detection of individual molecules (Duranton et al., 2012; Karger et al., 2021; Sivanathan et al., 2022). Whereas, HPLC analysis or capillary electrophoresis coupled with mass spectrometry are more versatile tools for simultaneous and accurate analysis of proteins based on the mass-to-charge ratio of specific ions of proteins or their fragments; though this can require additional sample preparation prior to analysis, such as derivatisation or digestion of proteins with proteases (Kolch et al., 2005; Merchant, 2010; Mischak et al., 2015; Yang et al., 2022; Birhanu, 2023). 

Despite their accuracy, time-consuming analyses and expensive laboratory equipment limit the widespread application of mass spectrometry- and HPLC-based analyses for routine measurement of uraemic solutes in clinical practice. 


[bookmark: _Toc200628386]Haemodialysis treatment adequacy

Historically, the adequacy of HD treatment has been estimated based on blood urea concentrations employing different measures such as, TAC, urea reduction ratio (URR), and Kt/V, with the Kt/V urea being currently the most precise, tested, and applied measure to quantify the delivered dialysis dose (Lowrie et al., 1981; Gotch & Sargent, 1985; Owen et al., 1993; Lopot et al., 2004; Daugirdas et al., 2015; Steyaert et al., 2019). 

Mathematically, URR is expressed as the reduction ratio (RR) of blood urea concentration during HD treatment:



where C0 and Ct are pre- and post-dialysis urea blood concentrations [mmol/L], respectively (Owen et al., 1993). Although URR is related to the patients’ mortality and serves as a straightforward dialysis adequacy measure (Owen et al., 1993), its use to quantify dialysis dose has been discouraged because the corresponding Kt/V values observed at given URR can vary broadly in individual patients, leading to inaccuracies (Daugirdas, 1995; Sherman et al., 1995), especially when URR exceeds 65% (Sherman 
et al., 1995).

In the case of using the simplified form of Kt/V formula, which assumes no urea generation during dialysis and a fixed urea distribution volume in the body, Kt/V can be calculated as:



where K is dialyser clearance of urea [mL/min], t is duration of dialysis [min], V is urea distribution volume in patient [mL], and C0 and Ct are pre- and post-dialysis urea blood concentrations [mmol/L], respectively (Gotch & Sargent, 1985).

Whereas most commonly, single-pool Kt/V (spKt/V), which takes urea generation and urea distribution volume changes into account, is used as a standard tool to evaluate the delivered dose of HD treatment by solving the second-generation Daugirdas formula, assuming urea is distributed in a single compartment (Daugirdas, 1993):



where UF stands for net ultrafiltration [kg], and W is dry body weight of the patient [kg] (Daugirdas, 1993). Using the measure of sp/KtV, current clinical guidelines recommend achieving a minimum delivered dialysis dose of 1.2 per session for the conventional intermittent thrice weekly HD to be considered adequate (Tattersall et al., 2007; Daugirdas et al., 2015; Watanabe et al., 2015; Ashby et al., 2019). Moreover, other forms of Kt/V, such as equilibrated Kt/V and standardised Kt/V have been developed to account for treatment frequency and multicompartmental removal kinetics (Vanholder et al., 2019).

Although Kt/V urea is clinically recognised measure that is used for evaluating efficacy of dialysis treatment, it has several limitations (Meyer et al., 2011; Daugirdas et al., 2015; Vanholder et al., 2019).

Indeed, urea is the most abundantly accumulating uraemic solute in ESKD and serves a marker of small water-soluble uraemic solutes, yet urea itself is relatively nontoxic (Depner, 2001; Vanholder, Glorieux, et al., 2015; Weiner et al., 2015). As the transport of urea across the erythrocyte membranes is facilitated by transporters (D. Zhao et al., 2007), haemodialytic removal of urea is not dependent on haematocrit, and the general compartmentalisation effects are modest for urea, even in comparison with other small water-soluble solutes, which clearance is limited to plasma flow and intercompartmental transfer rates (Eloot et al., 2005; Schneditz et al., 2009; Ponda et al., 2010; Meyer et al., 2011). 

[bookmark: _Hlk199251913]As Kt/V urea does not represent removal kinetics of other solutes (Meert et al., 2008; Sirich et al., 2012; Eloot et al., 2016; Biedunkiewicz et al., 2024), it is acknowledged that efficacy and adequacy of HD cannot be evaluated using urea as a single biomarker, and alternative indices have been proposed to be included to optimise dialysis treatment, based on biomarkers, which are related to uraemic toxicity and clinical outcomes (Meyer et al., 2011; Daugirdas et al., 2015; Chan et al., 2019; Vanholder et al., 2019; Rosner 
et al., 2021; Torreggiani et al., 2021).

The time-averaged concentration (TAC) concept of individual solutes has been suggested by Eloot et al. to be the most useful marker to evaluate the effect of HD treatment on solute levels over time, independent of the size and removal characteristics of solutes, dialysis strategies, and schedules (Lopot & Válek, 1988; Lopot et al., 2004; Kanagasundaram et al., 2008; Eloot et al., 2009, 2012). Historically TAC of urea was used as a dialysis adequacy measure, being related to patients’ hospitalisation rates and symptoms, prior to the concept of Kt/V, which was proved to be more strongly related to patients’ mortality based on epidemiological data (Gotch & Sargent, 1985; Vanholder et al., 2019). However, as there were no other molecules, which levels were strongly correlated to clinical symptoms and outcomes, and the TAC calculations were cumbersome, the TAC concept was abandoned at that time (Lopot et al., 2004; Vanholder et al., 2019). TAC enables the evaluation of the combined effect of HD treatment, residual kidney function, and solutes generation rate on solutes levels, as TAC depends on the net removal and generation of solutes (Lopot & Válek, 1988).

Mathematically, TAC of a solute is expressed as:



where c(t) is the concentration of a solute in patient’s blood at specific time point and TTOT is the total time over the period, which can be intradialytic or interdialytic period; ergo, TAC describes average concentration of a solute over a specific period (Lopot & Válek, 1988). 

Considering that blood concentration of a solute is proportional to the solute’s spent dialysate concentration (Equation 4), intradialytic TAC can be evaluated from the average concentration of a solute in the spent dialysate during the dialysis session, assuming negligible effect of solute’s generation and residual kidney function on the change of blood levels during dialysis. 

With the knowledge of the total volume of spent dialysate or spent dialysate flow rate and treatment time, the average spent dialysate concentration can be used to calculate total removed solute (TRS) as in case of total dialysate collection (TDC):



where DT marks the concentration of uraemic solute in the TDC tank and WT is the weight of the spent dialysate in the TDC tank, considering the density of spent dialysate is close to 1.008 kg/L (Eloot et al., 2007).

In other words, intradialytic TAC, dialyser clearance K and treatment time t are the main determinants of the TRS, i.e., net removal of solute, during HD treatment (Kanagasundaram et al., 2008; Ficheux et al., 2010; Lim et al., 2018):



Therefore, intradialytic TAC can also be estimated from non-invasive spent dialysate measurements without the need for blood sampling (Kanagasundaram et al., 2008; Ficheux et al., 2010; Lim et al., 2018), similar to parameters of RR and Kt/V, which reflect fractional removal of urea from the body (Lindsay & Sternby, 2001; Rački et al., 2005; Uhlin et al., 2006; Castellarnau et al., 2010). In specific, TAC could be used to objectively evaluate the efficacy of newer convective treatment strategies or medium- and high-cut of membranes on lowering the levels of prototypical uraemic solutes that are related to clinical outcomes and mortality, including B2M (Watanabe et al., 2015) and IS (Vanholder et al., 2014; Fan et al., 2019).

[bookmark: _Toc200628387]Optical monitoring of dialysis adequacy

Spent dialysate based HD adequacy monitoring has proven to be a reliable, non-invasive alternative to traditional blood sample-based measure Kt/V urea evaluation, using enzymatic-, conductivity- and optical sensors for spent dialysate analysis (Lindsay & Sternby, 2001; Rački et al., 2005; Uhlin et al., 2006; Kanagasundaram et al., 2008; Castellarnau et al., 2010), and offers a direct method for dialysis quantification (Canaud et al., 1999). Optical sensors have been integrated into commercially available HD machines manufactured by B-Braun (Melsungen, Germany), Nikkisio (Tokyo, Japan), and conductivity-sensors to the machines of Fresenius Medical Care (Bad Homburg vor der Höhe), which provide real-time feedback of urea removal online (Petitclerc & Ridel, 2021).

[bookmark: _Toc200628388]Optical properties of spent dialysate

In regards to optical properties, spent dialysate has been considered to be transparent and weakly light-scattering medium, similarly to biofluids of vitreous humour and aqueous humour of the front chamber of the eye, containing chromophoric and fluorophoric uraemic solutes (Tuchin, 2007; Uhlin & Fridolin, 2023). In such a medium, the light that has been transmitted to the medium is either reflected, absorbed, or propagated through the medium without further interactions, rendering the effect of scattering insignificant on the attenuation of light intensity. If the molecules in the medium absorb the light, the absorbed optical energy may lead to chemical reactions, intramolecular energy transfer, be reemitted as light, or dissipate as heat when the excited molecule transitions back to the ground state. (Welch & van Gemert, 2011) 

[bookmark: _Toc200628389]Bouguer-Beer-Lambert law and fluorescence intensity of spent dialysate

Considering that the attenuation of light in spent dialysate mainly arises from light absorption due to chromophores, the solutes are stable, and the chromophores concentration and light intensity are not extremely high, the Bouguer-Lambert-Beer law can be used to describe the loss of intensity of monochromatic and collimated light that has been transmitted through a spent dialysate (Uhlin & Fridolin, 2023).

According to the Bouguer-Beer-Lambert law, the loss of the intensity of light transmitted through a solution containing a single chromophore, quantified as absorbance A(λ), is the product of the concentration of a solute c [M], optical path length d [cm] and molar extinction coefficient of a solute ε [cm-1 M-1] at a wavelength of λ:

 

where I0 is the initial intensity of incident light transmitted to the solution [W], and I denotes the light intensity after passing through the solution [W]. Thus, the Bouguer-Beer-Lambert law correlates a chromophore’s concentration with the solution’s absorbance at a certain wavelength. Whereas the molar extinction coefficient and solution’s absorbance depend on the wavelength of light. (Tissue, 2012; Mayerhöfer 
et al., 2020; Uhlin & Fridolin, 2023) 

When multiple chromophores are present in the solution, the total absorbance at a given wavelength is the sum effect of all chromophores in the solution, and Equation 11 can be written as:

 

where the subscripts refer to the molar absorption coefficient and concentration of individual chromophores (Tissue, 2012; Uhlin & Fridolin, 2023).

If part of the photon’s energy, absorbed by a chromophore, is subsequently reemitted as a photon while the excited chromophore relaxes to a lower energy state after being excited with light, the molecule is termed fluorophore. Generally, the emitted photon has lower energy than the absorbed photon, i.e., emitted light has a longer wavelength than excitation light (Lakowicz, 2006; Welch & van Gemert, 2011). 

For a dilute solution containing a single fluorophore, fluorescence intensity IF [W] at the excitation and emission wavelengths pairs (λex and λem) is a function of the quantum yield of a fluorophore φ at λem, concentration of a fluorophore c [M], molar extinction coefficient of a fluorophore ε [cm-1 M-1], optical path length d [cm] and intensity of the excitation light I0 [W] at λex, expressed mathematically as (Welch & van Gemert, 2011):



Since fluorescence commonly occurs from molecules with abundant delocalised electrons, such as aromatic compounds, and given that the shape of the emission spectrum is dependent on the fluorophore’s chemical structure and independent of excitation wavelength, fluorescence spectroscopy is considered to be more specific and sensitive in comparison to the light absorption spectroscopy for quantification of solutes (Lakowicz, 2006; Welch & van Gemert, 2011). Still, the fluorophore’s local environment and properties of the solution, such as temperature, polarity, pH, and interactions with other molecules, can influence the quantum yield and emission maxima of the fluorophores (Lakowicz, 2006; Albani, 2007; Welch & van Gemert, 2011; McKay et al., 2018). Though, the composition and quality of dialysis solution are strictly controlled, and in spent dialysate the aforementioned parameters vary in a small physiological range (Azar & Canaud, 2013; Locatelli et al., 2015).

Moreover, light attenuation in spent dialysate due to other chromophores (Arund 
et al., 2012) must be accounted for to ensure a linear response between the fluorescence intensity and fluorophore’s concentration, as both excitation and emission light are attenuated in solutions with absorbance values > 0.05 at corresponding wavelengths due to inner filter effect, which distorts apparent quantum yield (Lakowicz, 2006). The inner filter effect can be compensated mathematically by considering the solution’s absorbance or measurement results with different cuvette cell configurations (Lakowicz, 2006; Welch & van Gemert, 2011; Fonin et al., 2014; Wang et al., 2017; Kumar Panigrahi & Kumar Mishra, 2019).

However, spent dialysate contains various endogenous fluorophores, often with overlapping emission or excitation spectra, and the measurable fluorescence intensity at specific excitation and emission wavelengths results from the combined effect of these fluorophores and reflects their concentrations (Arund et al., 2016; Kalle et al., 2016, 2019; Meibaum et al., 2020). For example, fluorescence at excitation wavelength of 280 nm and emission at 360 nm is predominantly attributable to protein-bound metabolites of tryptophan such as IS (Swan et al., 1983; Barnett & Veening, 1985; Arund et al., 2016; Meibaum et al., 2020), and at excitation of 320 nm fluorescence intensity is related to metabolites of B6 vitamin such as 4-pyridoxic acid (Kalle et al., 2016) or the glycation end product pentosidine (Kalle et al., 2019). At the same time, light attenuation in spent dialysate mainly arises from light-absorbing small water-soluble chromophores, such as UA, creatinine, and hippuric acid (Lauri et al., 2010; Arund et al., 2012; Donadio et al., 2013). 

To overcome the limitations of measuring the fluorescence of multi-fluorophoric samples, measurements at multiple excitation and emission wavelengths can be performed (Welch & van Gemert, 2011). This approach enables identification of the intrinsic fluorescence of individual fluorophores and quantify fluorophore’s concentration in spent dialysate using predictive models (Kalle et al., 2019; Lauri et al., 2020; Arund et al., 2024). Similarly, light absorption could be measured at multiple wavelengths to improve the accuracy of chromophores quantification in spent dialysate (Holmar et al., 2012; Donadio et al., 2013; Uhlin & Fridolin, 2023; Paats et al., 2024). 

By performing multi-wavelength measurements and using predictive models, it has been possible to achieve clinically acceptable accuracy for quantifying absolute concentration of prototypical marker molecules, such as IS or UA (Holmar et al., 2012; Arund et al., 2024; Paats et al., 2024), despite possible interferences of other chromophores and fluorophores, including metabolites and medications (Arund et al., 2012; Adoberg et al., 2022). As a result, clinical parameters, such as TRS, RR, and Kt/V, could be evaluated from optical signals of spent dialysate. Furthermore, it is possible to assess the relative removal of substances during HD even when the substance itself does not substantially contribute to the optical properties of spent dialysate but has similar removal characteristics in comparison to the chromophores or fluorophores that form the optical signal, as is the case for urea, electrolytes etc. (Uhlin & Fridolin, 2023).

[bookmark: _Toc200628390]Aim of the study

The purpose of this thesis was to explore novel spent dialysate based optical methods, which could be applied for more universal dose quantification of HD with the potential of ensuring more adequate HD treatment. 



The specific aims of the studies were:

· to evaluate the contribution of middle molecules to the optical signals of spent dialysate;

· to develop a novel advanced method based on the optical signals of spent dialysate for monitoring the intradialytic removal of B2M as the prototypical marker of middle molecules;

· to evaluate the feasibility of estimating intradialytic serum TAC for prototypical marker molecules of urea, UA, IS, and B2M from their spent dialysate concentrations using HPLC;

· to characterise the levels of endogenous kidney function marker CMW in ESKD patients’ blood and spent dialysate and its intradialytic removal;

· to develop an optical method for estimating intradialytic levels and removal of CMW.



[bookmark: _Hlk180069913]By concentrating on these specific objectives, this thesis seeks to validate the potential of spent dialysate based optical methods for more universal dose quantification of HD, which could be used to personalise HD treatment and improve adequacy.

[bookmark: _Toc200628391]Experimental methods

[bookmark: _Toc200628392]Clinical studies

All clinical studies on which this dissertation is based were conducted in accordance with the principles of the Declaration of Helsinki. Prior to performing studies, the study protocols were approved by local ethical committees: Tallinn Medical Research Ethics Committee at the National Institute for Health Development, Estonia, decision no. 2205 (27.12.2017), Linköping Regional Medical Research Ethics Committee, Linköping, Sweden, decision no. 2017/593-31 (17.01.2018); Commissie voor Medische Ethiek at Ghent University Hospital, Ghent, Belgium, decision no. B670201938627 (15.02.2019); Fundación Jiménez Díaz Clinical Research Ethics Committee, Madrid, Spain, decisions (no. 9/18, 8.05.2018) and (no. 13/18, 10.7.2018).

Clinically stable patients on chronic thrice-weekly HD treatment with vascular access capable of blood flow over 300 mL/min were enrolled in the studies from North Estonia Medical Centre (Publication I; II; III) in Tallinn, Estonia (22 patients); Linköping University Hospital (Publication II) in Linköping, Sweden, (21 patients); Ghent University Hospital (Publication II) in Ghent, Belgium (15 patients) and from Fundación Jiménez Díaz University Hospital Health Research Institute (Publication II) in Madrid, Spain (20 patients). A detailed overview of patients’ clinical characteristics has been presented in Supplementary Table 1 of Publication II.

Each patient was monitored during four different midweek HD sessions with predefined treatment settings, which varied the haemodialytic removal efficacy of uraemic solutes. Modifiable treatment settings included blood flow rate, dialysis solution flow rate, substitution volume, and effective membrane area of dialyser. For HD procedures, Fresenius Medical Care HD machines were used (Fresenius Medical Care, Bad Homburg v. d. Höfe, Germany). All patients, excluding one patient, were dialyzed with polysulfone membrane dialysers as specified in Supplementary Table 2 of Publication II, containing low-flux and high-flux dialysers.

To evaluate the efficacy of different HD treatments, blood and spent dialysate samples were collected for analyses from arterial blood lines or from the drain tube outlet of HD machine, respectively (Figure 8 in Appendix 1). Concentration of uraemic solutes was determined in the collected samples with HPLC or clinical chemistry laboratory analyses, based on which HD efficacy parameters were calculated.

Table 2 provides an overview of the patients’ characteristics, applied treatment settings, analysed samples, and uraemic solutes in the conducted studies.






[bookmark: _Ref181013801]Table 2. Overview of the main patients’ characteristics, applied treatment settings, analysed samples, and uraemic solutes in the conducted studies.

		

		Publication I

		Publication II

		Publication III



		Patient cohort size

		22

		78

		22



		Gender, male/female 

		17/5

		61/17

		17/5



		Age, mean ± SD

		55 ± 17

		63 ± 16

		55 ± 17



		Number of treatment sessions (modality)

		88 (66 HDF, 22 HD)

		312 (234 HDF; 78 HD)

		88 (66 HDF, 22 HD)



		Dialysis’s machine model

		Fresenius 5008

		Fresenius 4008

Fresenius 5008

Fresenius 6008

		Fresenius 5008



		Treatment time, min

		240

		240

		240



		Qb*, mL/min



		300.8 ± 12.7;

200 ± 0;

299.7 ± 1.0;

364.2 ± 27.1

		316 (297-347);

199 (199-200);

297 (296-300);

375(356-395)

		296 (295–297)

199 (198–199)

297 (296–298)

368 (356–377)



		Qd*, mL/min



		470.8 ± 105.4;

300 ± 0;

799.8 ± 0.9;

800.0 ± 0.0

		496 (411-500);

300 (298-300);

800 (796-800);

800 (795-800)

		359 (355–493);

297 (297–298);

789 (788–795);

791 (788–796)



		Vs*, L



		21.1 ± 3.1;

0;

15.3 ± 1.4;

25.3 ± 2.8

		22.5 (19.6-24.6)

0;

14.9 (14.8-15.2);

25.2 (22.5-27.3)

		22.0 (20.0–23.0);

0;

14.9 (14.9–15);

25.2 (23–27.9);



		Blood sampling times

		NIL

		pre- and post-dialysis

		pre- and post-dialysis; 30 min post-dialysis 



		Dialysate sampling times

		7; 60; 120; 180; 240 min after the start of session; TDC

		7; 240 min after the start of session; TDC

		7; 60; 120; 180; 240 min after the start of session; TDC



		Analysed uraemic solutes

		B2M

		Urea, UA, IS, B2M

		Urea, CMW



		HD efficacy parameters

		RR, TRS

		TAC, TRS

		RR, TRS, TAC





*Given as mean (±SD) or median (interquartile range).







[bookmark: _Toc200628393]HPLC analysis (Publication II, III)

All the collected blood and spent dialysate samples were subjected to reversed-phase HPLC analyses to determine concentration of UA and IS (Publication II), and CMW (Publication III) in the samples.

[bookmark: _Toc200628394]Sample preparation

Prior to HPLC analysis, serum fraction was separated from blood samples after sample drawing. The blood samples were allowed to clot for 30 min in Becton Dickinson Vacutainer SST II Advance tubes (Franklin Lakes, NJ, USA) and thereafter centrifuged for 20 min at 3000 g immediately. The resulting supernatant (serum) was separated from the blood cells and subjected to further preparation and analysis.

To determine the total IS concentration in serum (Publication II), serum samples were first deproteinised by heat denaturation (Vanholder et al., 1992; Boelaert et al., 2013). For this purpose, serum samples were diluted 1:3 with normal saline solution in Eppendorf Protein LoBind 1.5 mL tubes (Hamburg, Germany), homogenised by vortexing at 1500 rpm for 1 min, and heated at 95 °C for 30 min to denature proteins and thereby displace the protein-bound fraction of IS from proteins. Next, the samples were rapidly cooled to 4°C and centrifuged afterwards at 21.900 g for 10 min to precipitate denaturised proteins. The resulting supernatant in the volume of 400 μL was purified of remaining denaturised proteins by centrifugal ultrafiltration at 14.000 g for 3 h at 37 °C using Sartorius Vivacon 30 kDa cut-off filters (Göttingen, Germany).

To determine the concentration of protein non-bound UA (Publication II) and CMW Publication III) in serum samples, 400 μL of untreated serum was similarly filtrated through Sartorius Vivacon 30 kDa cut-off filters as described above to remove proteins from the samples prior to HPLC analysis for preventing HPLC column clogging.

The resulting ultrafiltrates of serum samples were acidified with 1 μL of formic acid (Sigma-Adrich, St. Louis, MO, USA) to stabilise UA to an undissociated form and improve the separation of compounds. In order to determine the concentration of analytes in spent dialysate samples (Publication II, III), 10 µL of formic acid was added to each spent dialysate sample of 5 mL for the same purpose without additional sample pretreatment prior to HPLC analysis.

[bookmark: _Toc200628395]HPLC system and analysis conditions 

HPLC analysis was conducted with the Ultimate 3000 Series HPLC system from Dionex, 
a division of Thermo Scientific (Sunnyvale, CA, USA), consisting of a quaternary gradient pump unit, a thermostated autosampler, a column oven, a diode array spectrophotometric detector, and a fluorescence detector. Mass spectra (Publication III) were analysed with quadrupole time-of-flight mass spectrometer micrOTOF-Q II with an electrospray ionisation (ESI) source (Bruker, Billerica, USA) coupled to the HPLC system.

[bookmark: _Hlk181604192]The stationary phase comprised two continuous columns of Poroshell 120 C18 2.7 μm 4.6 x 150 mm with a security guard Poroshell 120 C18 2.7 μm 4.6 x 5 mm from Agilent Instruments (Santa Clara, CA, United States) maintained at 40 °C. Chromatographic separation was achieved by applying a three-step gradient elution program (Table 3) developed earlier (Arund et al., 2016) at a flow rate of 0.6 mL/min. The mobile phase was made of a mixture of 0.05 M formic acid adjusted to pH 4.25 with ammonium hydroxide (A), and a mixture of HPLC grade methanol and HPLC-S grade acetonitrile in the volume ratio of 9:1, both from Honeywell (Charlotte, NC, USA), with 0.05 M ammonium formate salt (B). 

[bookmark: _Ref184035790]Table 3. HPLC gradient program (Arund et al., 2016).

		Step

		Time, min

		Solvent A, %

		Solvent B, %

		Curve type



		0

		0

		99

		1

		



		1

		6

		99

		1

		linear



		2

		39

		10

		90

		concave upward



		3

		15

		10

		90

		linear







The compounds were detected based on recorded signals of fluorescence at excitation 280 nm and emission at 360 nm (IS and CMW) and UV light absorption at 280 nm (UA). Chromatographic data were processed with Chromeleon 7.1 software by Thermo Scientific (Waltham, MA, USA). For HPLC system calibration, aqueous calibration standard solutions were analysed, made of reference solutions with purity > 98%: CMW from Toronto Research Chemicals Inc (Toronto, Ontario, Canada), IS and UA from Sigma-Aldrich (St. Louis, MO, USA). Compounds’ concentrations in samples were subsequently quantified based on the peak areas using calibration curves.

To validate the chromatographic peak of CMW of serum and the spent dialysate samples (Publication III), part of the post-column eluate flow was directed to the mass spectrometer using a flow splitter. Mass spectra were registered in negative ion mode with the following operating conditions: mass range of m/z 50–700; ion source temperature of 200 °C, ESI voltage of 4.5 kV, ESI nebulisation gas flow of 8.0 L/min, drying gas flow of 1.2 bar, detector voltage of 2.03 kV, acquisition rate of 1 Hz. For validation of the CMW peak, retention time and fluorescence spectra of samples were compared with those of the standard solution of CMW and confirmed by the MS/MS fragment ion mass of the precursor ion of m/z⁻¹ 365.14 ± 0.03, specific to CMW (Gutsche et al., 1999; Yamamoto et al., 2019). Data were acquired with Compass HyStar (version 3.2) and analysed with Compass DataAnalysis (version 4.0 SP1) software, both from Bruker (Billerica, USA).

[bookmark: _Toc200628396]Clinical laboratory analysis (Publication I, II, III)

In Publication I, concentration of B2M in spent dialysate samples was determined in clinical chemistry laboratory (SYNLAB Eesti OÜ, Tallinn, Estonia) with IMMULITE 2000 immunoassay autoanalyzer using sandwich type immunochemical assay (Siemens Healthineers AG, Erlangen, Germany) with imprecision (coefficient of variation) of 10%.

In Publication II, concentrations of B2M, UA, and urea in spent dialysate and serum samples in the multicentre study were determined in local clinical chemistry laboratories (Synlab Eesti OÜ in Estonia, Clinical Chemistry Laboratory at Linköping University Hospital in Sweden, Clinical Biochemistry Laboratory at Fundación Jiménez Díaz University Hospital Health Research Institute, in Madrid, Spain, and Laboratory of Clinical Chemistry and Clinical Analysis at Ghent University Hospital, in Ghent, Belgium) using standardised laboratory methods.

In Publication III, concentration of urea in spent dialysate samples was determined in clinical chemistry laboratory (SYNLAB Eesti OÜ, Tallinn, Estonia) using standardised laboratory methods. For this purpose, ADVIA 1800 autoanalyzer (Siemens Healthcare Diagnostics Inc., Erlangen, Germany) with imprecision (coefficient of variation) of 4% was used.

[bookmark: _Toc200628397]Optical measurements (Publications I, III)

UV light absorption spectra and fluorescence spectra of spent dialysate samples (Publication I, III) were measured at room temperature using UV-3600 spectrophotometer or RF-6000 spectrofluorometer, respectively, both from Shimadzu (Kyoto, Japan). 
To distinguish the optical spectra of middle molecules’ fraction from spectra of small water-soluble molecules in Publication I, spent dialysate samples in volume of 12 mL were centrifuged using filter tubes with a cut-off limit of 1 kDa (Pall Laboratory Macrosep® type MAP001C37, Pal Corp., Ann Arbor, MI, USA) at 37 C for 40 min at 2375.75 g. 
The optical spectra of ultrafiltrates were measured in addition to spent dialysate samples, and the corresponding differences were considered to be specific to the middle molecules’ fraction.

UV light absorption spectra of dialysate samples were recorded over a wavelength range of 190–400 nm (∆λ = 1 nm) with a bandwidth of 2 nm using a quartz cuvette with an optical path length of 5 mm and pure dialysis solution as a reference, or additionally with the corresponding filtrate as a reference in Publication I.

Fluorescence spectra of dialysate samples and filtrates were recorded over the excitation wavelength range of 200–400 nm (∆λ =10 nm) and the emission wavelength range of 210–600 nm (∆λ = 1 nm) using a quartz cuvette with a path length of 4 mm, and bandwidths of both monochromators of 5 nm.

Additionally, an optical sensor prototype (Optofluid Technologies OÜ, Tallinn, Estonia) was connected to the outflow of HD machine for on-line measurements of light absorption and fluorescence during each session to evaluate sampling quality.

[bookmark: _Toc200628398]Data analysis 

To ensure data quality, all measurement results were evaluated for potential errors and data conformity during data preprocessing. Specifically, the results of the sensor prototype and spectrophotometry were compared to find sampling errors, i.e., sampling during self-tests of HD machine (Supplementary Figure 1 of Publication II). Additionally, HPLC and clinical laboratory determined UA concentrations were compared to detect possible errors related to sample handling and analyses. Erroneous data, including HD sessions with unstable treatment settings (Uhlin et al., 2006), and concentrations of uraemic solutes below the quantification limit of clinical laboratory analyses, were omitted from the dataset prior to data analysis.

[bookmark: _Toc200628399]Development of predictive models

Predictive models were developed to estimate concentrations of B2M (Publication I) and CMW (Publication III) in spent dialysate based on laboratory measured light absorbance and fluorescence of spent dialysate. Prior to model development, fluorescence spectra were mathematically corrected for the primary inner filter effect based on the recorded light absorbance values at excitation wavelengths (Fonin et al., 2014; Wang et al., 2017) to compensate for the attenuation of excitation light intensity in samples containing chromophores in high concentrations. In Publication III, the fluorescence spectra were additionally smoothed using the moving average filter with the window size of 10.

A preselection of the predictor variables was done based on regression analysis, evaluating the relationship between concentration of uraemic solutes and of UV absorbance and fluorescence. Forward stepwise regression was thereafter used to create models with up to three variables based on calibration datasets (50% of data). 
A variable was included in the model if its p-value was < 0.05 for an F-test, indicating a significant reduction in the sum of squared errors of the model.

In addition to the calibration dataset, the general performance of the models was tested on a separate validation dataset (50% of the data).

The accuracy of the models was evaluated using regression and Bland-Altman analysis (Giavarina, 2015). Systematic error (BIAS) was calculated for the models as follows:



where N is the total number of observations and ei is the i-th residual (difference between HPLC or laboratory determined, and model predicted values).

Similarly, the standard error of performance corrected for BIAS was calculated for the models based on the residuals:



[bookmark: _Toc200628400]Haemodialysis efficacy parameters

Removal efficacy of uraemic toxins during HD was evaluated based on reduction ratio as RR (Publication I, III), and total removed solute as TRS (Publication I, III, III).

RR was calculated from uraemic solutes’ concentrations in blood or spent dialysate samples at the start and at the end of the dialysis procedure using Equation 5. TRS of uraemic solutes was calculated based on the TDC tank weight and concentrations of uraemic solutes in the spent dialysate TDC tank using Equation 9.

In publications (II, III), intradialytic TAC of uraemic toxins in blood was determined as logarithmic mean concentration as proposed earlier (Garred, 1995; Lim et al., 2018):



where C0 and Ct are HPLC or laboratory determined pre- and post-dialysis blood concentrations of uraemic toxins.

Linear regression analysis was used to evaluate intradialytic TAC of uraemic solutes from spent dialysate based TRS (Publication II) and logarithmic mean concentration (MlnD) (Publication II, III).

MlnD was calculated from spent dialysate concentrations as: 



where D7 and D240 are uraemic solutes concentrations in spent dialysate samples taken 7 and 240 min after the start of dialysis, respectively. 

Prior to regression analysis in Publication II, TAC was normalised by effective blood flow rate to compensate for dialyser clearance, and MlnD was normalised by spent dialysate flow rate to compensate for spent dialysate flow rate dependent sample dilution. To compare blood and spent dialysate based concentrations at time moment (t) directly in Publication III, spent dialysate concentrations (Dt) were normalised (Dt norm) by blood flow and spent dialysate flow rates prior to calculation of MlnD and regression analysis according to Equation 18:



where Qb marks effective blood flow and the numerator “dialysate flow rate (Qd) + substitution rate (Qsubs) + net ultrafiltration rate (UF), which is not compensated for patient” is the flow rate of spent dialysate. 

[bookmark: _Toc200628401]Statistical tests

To evaluate the agreement between serum and dialysate based HD efficacy parameters, Bland-Altman analysis was used as described above (Equations 14 & 15). The Anderson-Darling test was used to evaluate whether datasets are normally distributed. In the case of normal distribution of data, Student’s two-tailed paired t-test was used to compare mean values of related variables from the same subject, whereas the unpaired two-tailed t-test was used for comparison of the differences between treatment modalities. 
For non-normally distributed data, the Wilcoxon test was applied. A p-value of < 0.05 was considered significant in all statistical tests.

[bookmark: _Toc200628402]Results and discussion

[bookmark: _Toc200628403]Intradialytic removal monitoring of B2M using spent dialysate (Publication I)

B2M is a prototypic marker molecule for middle molecules removal, which has been proposed for routine monitoring to enhance treatment efficacy and optimise patient outcomes (Watanabe et al., 2015; Canaud et al., 2020; Rosner et al., 2021). Although high-volume HDF and expanded HD therapy with medium cut-off membranes outperform conventional HD in removing middle molecules (García-Prieto et al., 2023; Biedunkiewicz et al., 2024; Battaglia et al., 2025), the reduction of middle molecules blood levels still remains challenging with dialysis therapies (Ward & Daugirdas, 2024; Battaglia et al., 2025; Sirich, 2025). While high-dose hemodiafiltration appears to improve ESKD patients’ survival and outcomes over high-flux HD, the role of middle molecule clearance in these benefits is unclear, as concentrations or clearances of middle molecules have not been reported in the related studies (Vernooij et al., 2022; Blankestijn et al., 2023; Shroff et al., 2023; Battaglia et al., 2025). Still, B2M has strong evidence of toxicity (Vanholder et al., 2018), and elevated B2M pre-dialysis levels have been strongly and independently associated with higher mortality of ESKD patients and several pathologies (Cheung et al., 2006; Okuno et al., 2008; Liabeuf et al., 2012; Watanabe et al., 2015; Argyropoulos et al., 2017).

Yet, no reliable dialysate-based optical method exists for intradialytic monitoring of middle molecules removal to objectively evaluate their dialytic removal, although previous studies have found strong correlations between middle molecules and optical signals of spent dialysate (Holmar et al., 2011; Uhlin et al., 2015; Lauri et al., 2020). 
The aim of Publication I was to develop a novel advanced optical method based on the UV absorbance and fluorescence of the spent dialysate for evaluating B2M removal and concentration in spent dialysate as a marker of middle molecules, and investigate the contribution of middle molecules to the optical properties of spent dialysate.

The results of Publication I showed a strong correlation between UV absorbance and the concentration of B2M in spent dialysate samples (N = 375) when using high-flux HDF, with R2 > 0.8 in the range of 220-320 nm and local maxima at 222 nm (R2 = 0.881), *
274 nm (R2 = 0.862), and 311 nm (R2 = 0.865). The latest being similar to the earlier observations (Uhlin et al., 2015), which found a maximum correlation at 314 (R2 = 0.861).

An evident difference in UV absorbance spectra of spent dialysate samples and corresponding filtrates, containing solutes < 1kDa, was found. However, the regression analysis between the UV absorbance of spent dialysate samples and corresponding filtrates indicated that the variation caused by middle molecules is negligible in the UV region > 230 nm, but the resulting difference in UV absorbance of filtrates and dialysate samples is proportional to the absorbance of spent dialysate samples. This is consistent with the literature that light absorption in spent dialysate is mainly caused by small water-soluble solutes (Lauri et al., 2010; Arund et al., 2012; Donadio et al., 2013) with UV-absorbing peptide bonds (Rosenheck & Doty, 1961) and aromatic side chains of amino acids (Prasad et al., 2017) of middle molecules contributing minimally.

The strongest correlation between the fluorescence of spent dialysate and the concentration of B2M in spent dialysate was found in the region with wavelengths of excitation at 350–370 nm and emission wavelengths at 500–555 nm with R2 up to 0.859. Similarly, in close proximity to these results, a previous smaller-scale study (Holmar et al., 2011) found the strongest correlation between the concentration of B2M in spent dialysate and its fluorescence using excitation/emission at 370/456 nm (R2 = 0.90, N = 69).

Whereas the apparent fluorescence of middle molecules was identified to have maximum emission at 325–335 nm if excited at 280 nm, and approximately 10 times weaker emission intensity at advanced glycation end-product (AGEs) specific region of 430–550 nm with excitation at 350 nm; in both regions low-flux HD and high-flux HDF modalities had the largest differences for middle molecules fluorescence. Specifically, middle molecules contributed on average 26,09 ± 6,68% to the overall fluorescence of the spent dialysate at excitation/emission wavelengths of 280/325 nm at the beginning of high-flux HDF therapy, in contrast to low-flux HD having negligible contribution. This was further confirmed by the regression analysis (Figure 4).

[image: ]

Figure 4. Correlation between fluorescence emission intensity of spent dialysate samples (excitation at 280 nm) and corresponding filtrates, containing uraemic solutes < 1 kDa, from low-flux HD and high-flux HDF modalities (N=17) sampled 7 min after the start of the dialysis. The emission region with the highest correlation between B2M in the spent dialysate at excitation 280 nm, used in the final regression model, is marked with a rectangle (modified from Publication I).

The primary source of middle molecules’ fluorescence, with maximum emission at 
332 nm and excitation at 280 nm, was attributed to the intrinsic fluorescence of tryptophan residues in the hydrophobic environments of proteins and peptides, based on the literature (Vivian & Callis, 2001; Lakowicz, 2006). This is similar to the intrinsic fluorescence of tryptophan residues in B2M under native conditions, which occurs approximately at 337 nm (Narang et al., 2013). While AGEs (Perrone et al., 2020) seem to be the main contributor to the fluorescence of middle molecules at the longer emission wavelengths of 430-550 nm if excited at 350 nm, being close to the emission maximum (460 nm) of AGE-modified B2M if excited at 350-360 nm (Miyata et al., 1993; Kalle et al., 2015). This corresponds to a fluorescence region with the strongest correlation between the fluorescence of spent dialysate and the concentration of B2M in spent dialysate of Publication I and an earlier study (Holmar et al., 2011).

Including the fluorescence regions with highest contribution of middle molecules to the optical signals of spent dialysate and UV absorbance as parameters, a predictive model for estimating B2M concentration was developed and validated on independent data.

The model incorporated UV absorbance at 280 nm and fluorescence at excitation/emission pairs of 280/325 nm and 350/555 nm as parameters, achieving an accuracy (BIAS±SE) of 0.000 ± 0,272 mg/L with a correlation coefficient of 0.966 for the calibration group, and an accuracy of 0.061 ± 0,340 mg/L with a correlation coefficient 0.953 for the validation group between the laboratory estimated and model predicted B2M concentrations in spent dialysate, respectively (Figure 5). For the entire cohort, 
the model demonstrated a correlation coefficient of 0.958 and an accuracy of 
0.000 ± 0.304 mg/L, surpassing the performance of previously reported predictive models (Holmar et al., 2011; Lauri et al., 2020).
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[bookmark: _Ref184639282]Figure 5. Scatter plots and Bland-Altman plots of the calibration (A1 & A2) and the validation (B1 & B2) groups comparing laboratory (Lab) determined and model predicted (Opt) B2M concentrations, respectively (modified from Publication I).

In addition, the laboratory estimated and model predicted values for HD performance parameters of RR (73.37 ± 10.39% and 72.06 ± 7.77%, respectively) and TRS (234.5 ± 72.8 mg and 228.6 ± 83.9 mg, respectively) were not statistically different (p > 0.35). 

In summary, the findings from Publication I indicate that UV absorption and fluorescence measurements could be used to estimate the concentration of B2M in spent dialysate and monitor intradialytic removal of middle molecules, which have a considerable contribution to the overall optical properties of spent dialysate. Although tryptophan of proteins and peptides and advanced glycation end-products were provisionally identified as main contributors to the optical signal of middle molecules, further research is suggested to identify specific middle molecular uraemic toxins behind the optical properties of spent dialysate.

[bookmark: _Toc200628404]Estimation of intradialytic blood time-averaged concentration of uraemic toxins using spent dialysate (Publication II)

Traditional, Kt/V urea-based HD adequacy assessment insufficiently represents the removal of other clinically significant uraemic solutes (Meyer et al., 2011; Vanholder, Glorieux, et al., 2015). This necessitates more universal dialysis dose quantification, which is appropriate for evaluating the efficacy of modern dialysis strategies in removing prototypical markers and solutes related to ESKD patients’ outcomes, such as B2M or IS (Meyer et al., 2011; Vanholder, Glorieux, et al., 2015; Vanholder et al., 2019; Rosner 
et al., 2021).

Among the measures of dialysis adequacy, TAC is considered the most useful marker for comparing different dialysis strategies in terms of their effectiveness in reducing uraemic solute levels over time, being universally applicable to uraemic solutes with different removal kinetics (Eloot et al., 2009, 2012). Conventionally, repeated blood sampling is required to calculate TAC from the area under the concentration curve of the solute over the inter- or intradialytic period (Lopot et al., 2004; Kanagasundaram et al., 2008; Eloot et al., 2009). However, multiple intra-dialytic blood samples are necessary for accurate TAC calculation during dialysis as relying solely on pre- and post-dialysis samples can cause errors, especially for solutes with higher intercompartmental resistance (Garred, 1995; Kanagasundaram et al., 2008; Eloot et al., 2009).

The aim of Publication II was to estimate intradialytic serum TAC for prototypical marker molecules of urea, UA, IS and B2M from their spent dialysate concentrations 
non-invasively.

A strong correlation was observed between intradialytic serum TAC and MlnD values for all solutes (Figure 6), regardless of HD treatment modality and dialyser. 
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Figure 6. Correlation between serum intradialytic TACs of (a) urea, (b) UA, (c) B2M, and (d) IS in and MlnD values in spent dialysate, normalised by effective blood or spent dialysate flow rates, respectively; grey area indicates the 95% CI of the slope (modified from Publication II).

For HDF and HD modalities separately, the strongest correlation was seen for urea 
(R2 = 0.91 (N = 152), R2 = 0.96 (N = 63)) and the weakest correlation for B2M (R2 = 0.62 
(N = 168), R2 = 0.83 (N = 37)), respectively. Also, TRS was generally strongly correlated to intradialytic TAC values (R2 > 0.59) and MlnD values (R2 > 0.89) for the studied uraemic solutes in case TAC and MlnD values were normalised by effective blood or spent dialysate flow rates, respectively.

Moreover, using linear regression equations describing the abovementioned relationships (Figures 2 & 3, in Publication II), the estimated TAC values closely matched the calculated values, and the random error between the calculated and the estimated TAC values remained consistent across the entire concentration range.

The variation in correlation coefficients among the uraemic solutes indicated that solute-dependent kinetic behaviour affects intradialytic TAC estimation, i.e., pre- and post-dialysis blood samples-based TAC may overestimate the actual intradialytic TAC. This is valid particularly for solutes with slow intercompartment clearance such as B2M, which serum levels decrease rapidly at the start of dialysis (Ward et al., 2006; Kanagasundaram et al., 2008; Eloot et al., 2012; Ward & Daugirdas, 2024). Consequently, the strongest correlation was found for urea, which has minimal resistance to 
inter-compartmental shifts, and the weakest correlation for B2M, which exhibits the highest intercompartmental resistance among the studied solutes (Meyer et al., 2011; Eloot et al., 2012). In this regard, employing double pool-kinetics or multiple intra-dialytic blood sampling is necessary for more accurate intradialytic serum TAC calculations (Kanagasundaram et al., 2008) as a reference, instead of using approach, which assumes single-pool removal kinetics (Garred, 1995; Lim et al., 2018).

Based on these results, it is feasible to evaluate intradialytic serum TAC of urea, UA, IS and, B2M from their concentrations in spent dialysate non-invasively. The findings created conditions for online optical monitoring of serum TAC from spent dialysate concentrations and pave the way for optimising predictive models for each uraemic toxin, considering real-time values of dialysis machine treatment settings, dialyser specifications and patient-related parameters, including blood access recirculation and haematocrit.

[bookmark: _Toc200628405]Intradialytic monitoring of kidney function marker C-mannosyl tryptophan using spent dialysate (Publication III)

CMW is an endogenous metabolite with a molecular weight of 366 Da arising from the degradation of C-mannosylated proteins, the only known form of protein C-linked glycosylation in humans (Furmanek & Hofsteenge, 2000; Schjoldager et al., 2020; Minakata et al., 2021). Recent large-scale metabolomic studies have independently identified CMW as independent and one of the strongest markers of eGFR decline and health outcomes such as death in the cohort of non-dialysis CKD patients among thousands of other studied metabolites (Steinbrenner et al., 2021, 2024; van der Burgh et al., 2024). In addition, there is a strong correlation between CMW levels and GFR; thus, CMW is considered to be a residual kidney function marker (Takahira et al., 2001; Yonemura et al., 2004; Niewczas et al., 2014; Sekula et al., 2016; Denburg et al., 2021; Steinbrenner et al., 2021; van der Burgh et al., 2024).

Despite CMW is a promising biomarker and an endogenous uraemic solute with potential toxicity, the levels of CMW and its dialytic removal characteristics have not been assessed so far for ESKD patients undergoing dialysis therapy, and their relationship to clinical outcomes of ESKD patients remains unexplored.

Publication III aimed to determine the levels of CMW in ESKD patients’ blood and spent dialysate during the dialysis employing HPLC, and investigate the possibility of optics-based estimation of haemodialytic removal and TAC of CMW.

The results of Publication III showed that the median (interquartile range) concentration of CMW in serum samples was 2.78 (2.20–3.22) μmol/L at the start and 0.52 (0.38–0.73) μmol/L at the end of treatment, and in spent dialysate samples 0.64 (0.52–0.79) μmol/L and 0.13 (0.08–0.22) μmol/L, respectively. In comparison to the previous studies reporting CMW levels in healthy subjects (Yonemura et al., 2004; Sekula et al., 2017), CMW levels of ESKD patients are, presumably more than 10 times higher than the average normal concentration in healthy controls. This is similar to the 13–16-fold increase reported by Tanaka et al., who did relative comparison of mass spectrometric peak areas of CMW (Tanaka et al., 2015) in healthy controls and ESKD patients.

The treatment settings similarly affect the removal efficacy of CMW and urea, with the RR of CMW being higher than the RR of urea (Figure 7).
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Tehisintellekti genereeritud sisu võib olla ebatõene.]

Figure 7. RR (mean ± SD) of CMW and urea for HD and different HDF modalities (Table 2) evaluated based on serum and spent dialysate samples collected from the start and end of the dialysis sessions; intra-modality differences, evaluated using paired two-tailed t-tests, are denoted as follows: *** (p < 0.001), ** (p < 0.01), * (p < 0.05). Modified from Publication III.

In detail, RRs of both solutes were significantly higher (p < 0.001) for the most efficient HDF modality in comparison with low-flux HD with RRs (± SD) of 84.8 ± 6.1% vs 
66.4 ± 8.9% for CMW and RRs (± SD) of 78.1 ± 5.8% vs 58.9 ± 7.0% for urea. For both solutes, the rebound effect significantly affected effective RR (p < 0.01), whereas the extent of the rebound effect was not statistically different between the solutes 
(p = 0.530). These results show that the removal of CMW is characteristic of the removal of small water-soluble compounds, in contrast to the removal characteristics of unmodified tryptophan, which is a protein-bound solute (Paats et al., 2020).

The serum and spent dialysate concentrations of CMW were strongly correlated 
after normalisation of spent dialysate concentration by treatment settings (r = 0.981), which shows it is possible to evaluate CMW concentrations in blood and HD performance parameters from spent dialysate concentrations.

The multiparametric linear regression model, which was developed to estimate spent dialysate CMW concentrations, had relatively high accuracy (BIAS ± SE) on both calibration and validation sets: 0.00 ± 0.07 μmol/L with r = 0.960, and -0.02 ± 0.07 μmol/L with r = 0.939 — comparing HPLC determined CMW concentrations to model estimated values, respectively. The developed model allows to estimate CMW concentrations in spent dialysate from optical measurements and to evaluate HD performance parameters using optical measurements (Table 4).



[bookmark: _Ref184638943]Table 4. Haemodialysis performance parameters based on RR, TRS, and TAC of CMW. Results based on HPLC analysis of serum or spent dialysate samples were compared with the results calculated from the output of the optics-based (Opt) model using the Wilcoxson test. Numerical values are given as median and interquartile range (Q1–Q3).

		Clinical parameter

		CMW HPLC

median (Q1-Q3)

		CMW Opt

median (Q1-Q3)

		p-value

		Accuracy (BIAS ± SE)

		Pearson correlation

coefficient



		RRdialysate (%, N=74)

		78.7 

(68.6–85.7)

		78.5 

(67.0–84.6)

		0.811

		0.7 ± 3.7

		0.958



		RRserum (%, N=72)

		80.3 

(72.3–85.9)

		77.8 

(66.1–84.5)

		0.347

		2.4 ± 4.9

		0.939



		TRS (μmol, N=86)

		40.25 (34.29–47.89)

		43.84 (36.75–52.12)

		0.213

		−1.72 ± 7.95

		0.792



		TAC (μmol/L, N=72)

		1.34 

(1.13–1.54)

		1.39 

(1.17–1.59)

		0.442

		0.00± 0.25

		0.717







Overall, the results of Publication III described the levels of CMW in ESKD patients and the intradialytic removal of CMW for the first time. Additionally, the feasibility of 
non-invasive optical monitoring of intradialytic CMW concentrations in spent dialysate and CMW-based HD adequacy parameters was demonstrated, which enables to elaborate the role of CMW in ESKD patients’ outcomes in future studies. 

[bookmark: _Toc200628406]Conclusions

In conclusion, this thesis demonstrated that novel spent dialysate based optical methods could be applied for more universal dose quantification of HD, which may provide more adequate HD treatment.



The main findings of the thesis are: 



· This thesis identified that middle molecules form a considerable fraction of optical signals of spent dialysate, presumably originating from intrinsic fluorescence of tryptophan in peptides and proteins, and AGEs.

· Multiwavelength optical measurements of spent dialysate allow to estimate concentration of B2M in spent dialysate and to monitor intradialytic removal of middle molecules with high accuracy.

· For the first time, endogenous kidney function biomarker CMW levels were determined in ESKD patients, which are evidently over 10 times higher than in healthy subjects of previous studies.

· [bookmark: _Hlk199419852]Intradialytic removal of CMW was compared to that of urea and was found to be similar to that of small water-soluble uraemic solutes. Using optical measurements of UV absorption and fluorescence of spent dialysate, intradialytic levels and removal of CMW can be accurately monitored. In future studies, this could help to elaborate the role of CMW in ESKD patients’ health outcomes and evaluate residual kidney function. 

· Spent dialysate concentrations and TRS of uraemic solutes are proportional to the intradialytic TAC of uraemic solutes in patients’ blood. This thesis demonstrates for the first time that blood concentration of urea, UA, IS, and B2M can be similarly predicted from their spent dialysate concentrations using treatment settings. This approach may prove useful in evaluating the effect of HD treatment on the actual solute levels over time.

· Spent dialysate based optical monitoring can be used to evaluate clinically relevant parameters such as TAC, TRS, and RR, which make it possible to assess HD adequacy more universally. Therefore, optical monitoring of HD can be used as a non-invasive tool to potentially improve patients’ health outcomes.
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Novel Spent Dialysate Based Optical Methods: Towards More Universal Dose Quantification of Haemodialysis

Haemodialysis (HD) is the most applied form of life-sustaining kidney replacement therapy for end stage of kidney disease (ESKD) patients, which is used to remove uraemic solutes and excessive fluid from patients’ blood. As ESKD patients have among the highest mortality in patients with chronic diseases, improvements in HD treatment quality and adequacy are essential for improved survival.

To achieve this, usage of personalised and multidimensional dialysis dose quantification and prescription for HD has been proposed, including clearance of additional biomarkers such as prototypical middle-sized uremic retention molecule 
β-2-microglobulin (B2M), and residual kidney function as supplementary measures to the traditional Kt/V urea. Though, the impact of different HD treatment strategies on uraemic solutes removal is best characterized by monitoring the actual blood concentrations of patients over a period, i.e. using time-averaged concentration (TAC), or using pre-dialysis concentrations. 

In practice, this requires cost-effective reliable methods and tools for monitoring these measures. Previously, accurate optical methods, utilising fluorescence and UV absorption measurements of spent dialysate, have been developed for monitoring Kt/V urea, and intradialytic removal of protein-bound and small water-soluble uraemic solutes prototypical markers, such as indoxyl sulfate (IS) and uric acid (UA). Yet, there is not a reliable optical method for monitoring B2M or residual kidney function markers, and estimation of blood concentrations of uraemic solutes using dialysate-based measurements has not been attempted. 

The purpose of this thesis was to explore novel spent dialysate-based optical methods, which could be applied for more universal dose quantification of HD with the potential of ensuring more adequate HD treatment. Specifically, the thesis focused on development of predictive models, based on optical measurements of spent dialysate, to monitor removal of B2M and evaluate intradialytic levels and removal of novel endogenous kidney function marker C-mannosyl tryptophan (CMW). Furthermore, feasibility of estimating intradialytic serum TAC values from spent dialysate concentrations was studied for urea, B2M, UA and IS.

The publications of this thesis have been published based on the treatment data of 78 ESKD patients who were monitored during 312 different HD sessions. Collected blood and spent dialysate have been analysed using high performance liquid chromatography (HPLC) or clinical chemistry analyses as a reference to evaluate accuracy of optical methods and predictive models, utilising fluorescence and UV absorption measurements of spent dialysate.

The main results of the thesis are: 

· Middle-sized molecules form a considerable fraction of optical signals of spent dialysate, presumably originating from intrinsic fluorescence of tryptophan in peptides and proteins, and advanced glycation end-products.

· Multiwavelength optical measurements of spent dialysate allow to estimate concentration of B2M in spent dialysate and monitor intradialytic removal of middle molecules with high accuracy.

· Endogenous kidney function biomarker CMW levels of ESKD patients are evidently over 10 times higher than in healthy subjects.

· Intradialytic removal of CMW is characteristic to small water-soluble uraemic solutes. Multiwavelength optical measurements of spent dialysate can be used to accurately monitor intradialytic levels and removal of CMW. This could help to elaborate the role of CMW in ESKD patients’ health outcomes and evaluate residual kidney function in future. 

· Spent dialysate concentrations and total removed solute (TRS) value of uraemic solutes are proportional to the intradialytic TAC of uraemic solutes in patient’s blood. This thesis demonstrates for the first time that blood concentration of urea, UA, IS and B2M can be similarly predicted from their spent dialysate concentrations. This approach may prove useful in evaluating the impact of HD treatment on uraemic solutes levels over time.

· Spent dialysate based optical monitoring can be used to evaluate clinically relevant parameters such as TAC, TRS and reduction ratio, which make it possible to assess HD adequacy more universally. Therefore, optical monitoring of HD can be used as a non-invasive tool to potentially improve patients’ health outcomes.



In conclusion, this thesis demonstrated that novel spent dialysate-based optical methods could be applied for more universal dose quantification of HD, which may provide more adequate HD treatment.

[bookmark: _Toc200628410]Lühikokkuvõte

Uudsed dialüsaadipõhised optilised meetodid universaalsema hemodialüüsravi doosi määramiseks 

Hemodialüüsravi (HD) on neeruhaiguse lõppstaadiumis patsientide raviks enim rakendatav elusäilitav neeruasendusravi vorm, mille käigus eemaldatakse patsientide verest ureemilisi ühendeid ja liigne vedelik. Võrreldes teiste krooniliste haigetega on neeruhaiguse lõppstaadiumiga patsientide suremus üks kõrgemaid. Patsientide elumuse parendamiseks on tarvis seega suurendada HD ravikvaliteeti ja tõhusust. 

Selle saavutamiseks on soovitatud HD ravidoosi hindamisel ja määramisel kasutada senisest personaalsemat ja mitmedimensionaalsemat käsitlust, mis arvestaks lisaks traditsioonilisele mõõdikule Kt/V uurea muuhulgas keskmisega suurusega ureemiliste ühendite markermolekuli β-2-mikroglobuliini (B2M) raviaegse eemaldamise efektiivsusega ja patsiendi säilinud neerufunktsiooniga. Ühtlasi on erinevate HD ravistrateegiate mõju ureemiliste ühendite eemaldamisele kõige parem hinnata nende ühendite tegeliku kontsentratsiooni järgi patsiendi veres, mis võib olla ajas keskmistatud kontsentratsioon (TAC) või HD-eelne vereproovi kontsentratsioon. 

Praktikas on aga nende mõõdikute määramiseks tarvis kulutõhusaid ja töökindlaid meetodeid ning tööriistu. Seejuures on varasema töö käigus välja arendatud suure täpsusega optilised meetodid Kt/V uurea ja valkudega seonduvate ja väikeste vees lahustuvate molekulide markerite indoksüülsulfaadi (IS) ja kusihappe (UA) dialüüsiaegse eemaldamise määramiseks, mis põhinevad dialüüsiseansi käigus tekkiva dialüsaadi UV-kiirguse neelduvuse ja fluorestsentsi mõõtmisel. Samas on puudu usaldusväärne optiline meetod B2M ja neerufunktsiooni markerite määramiseks. Lisaks pole dialüsaadipõhiste mõõtmiste abil üritatud hinnata ureemiliste ühendite kontsentratsiooni patsiendi veres.

Käesoleva doktoritöö eesmärgiks oli välja töötada uudsed dialüsaadipõhised optilised meetodid, mida oleks võimalik rakendada universaalsemaks HD ravidoosi määramiseks, et tagada kvaliteetsem HD-ravi. Täpsemalt keskendus doktoritöö dialüsaadi optilistel mõõtmistel põhinevate algoritmide väljatöötamisele, et hinnata B2M-i ja uudse endogeense neerufunktsiooni markeri C-mannosüültrüptofaani (CMW) raviaegset eemaldamist ning kontsentratsioone. Lisaks hinnati markerite uurea, B2M, UA ja IS dialüüsraviaegse seerumi TAC-i määramise teostatavust dialüsaadi kontsentratsioonidest lähtuvalt. 

Käesoleva doktoritöö publikatsioonid on avaldatud 78 neeruhaiguse lõppstaadiumis patsiendi raviandmete põhjal, keda jälgiti 312 erineva HD seansi ajal. Kogutud vere- ja dialüsaadiproovide analüüsimiseks kasutati referentsina kõrgsurvevedelikkromatograafiat (HPLC) või kliinilise keemia meetodeid hindamaks optiliste meetodite ja algoritmide täpsust, mis põhinevad dialüsaadi fluorestsentsi ja UV-neeldumise mõõtmisel.

Töö peamised tulemused on: 

· Keskmise suurusega molekulid moodustavad märkimisväärse osa dialüsaadi optilistest signaalidest, mis arvatavasti tuleneb peptiidide ja valkude trüptofaanijääkide või glükeerimise lõpp-produktide fluorestsentsist.

· Dialüsaadi optilised mõõtmised mitmel erineval lainepikkusel võimaldavad suure täpsusega hinnata B2M-i kontsentratsiooni dialüsaadis ning hinnata keskmise suurusega ureemiliste molekulide dialüüsiaegset eemaldamist.

· Endogeense neerufunktsiooni markeri CMW kontsentratsioon on lõppstaadiumis neeruhaigusega patsientidel üle kümne korra kõrgem võrreldes tervete inimestega.

· CMW dialüüsiaegne eemaldamiskineetika on sarnane väikestele vees lahustuvatele molekulidele. Dialüsaadi optilised mõõtmised mitmel erineval lainepikkusel võimaldavad hinnata CMW dialüüsiaegset eemaldamist ning kontsentratsioone. Välja töötatud optiline meetod võib tulevikus aidata hinnata CMW mõju neerupuudulikkusega patsientide tervisele või olla kasulik neerufunktsiooni hindamisel.

· Ureemiliste ühendite kontsentratsioonid dialüsaadis ja eemaldatud ainete koguhulk on proportsionaalne patsiendi veres leiduvate ureemiliste ühendite dialüüsiaegse TAC-iga. Käesolev doktoritöö näitas esmakordselt, et uurea, UA, IS-i ja B2M-i dialüüsraviaegseid kontsentratsioone veres saab ennustada nende ühendite dialüsaadi kontsentratsioonidest lähtuvalt. Sellest võib olla abi dialüüsravi ureemiliste ühendite kehast eemaldamise efektiivsuse hindamisel.

· Dialüsaadipõhiste optiliste meetoditega saab mitteinvasiivselt hinnata kliiniliselt olulisi parameetreid nagu ureemiliste ühendite TAC, eemaldatud aine koguhulk ja suhteline eemaldamise määr, mis võimaldab hinnata HD efektiivsust ja ravidoosi universaalsemalt. HD optiline monitooring võiks seeläbi potentsiaalselt parendada HD ravikvaliteeti. 



Kokkuvõtvalt näitas käesolev töö, et uudseid dialüsaadipõhised optilisi meetodeid on võimalik rakendada universaalsemaks HD ravidoosi määramiseks, et tagada potentsiaalselt efektiivsem HD-ravi.
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[image: Pilt, millel on kujutatud tekst, kuvatõmmis

Tehisintellekti genereeritud sisu võib olla ebatõene.]

Figure 8. Overview of the clinical set-up during the studies. In case of zero net ultrafiltration, ultrafiltration rate is equal to substitution fluid’s flow rate (Qsub) and spent dialysate flow rate (Qsp) is the sum of Qsub and dialysate flow rate (Qd) in post-dilution haemodiafiltration regime; with Qb marking the blood flow rate.
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