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Introduction 
Various methods for the dialysis treatment quality estimation are used routinely – such as 
concentration measurements of serum urea, creatinine, uric acid and Kt/V. Dialysis 
treatment is continuously improved, and it is equally important to improve the treatment 
quality monitoring. The quality estimation should be simple, broad, and part of everyday 
routine.  

A long list of solutes accumulating in patients with uremic syndrome, so-called uremic 
toxins, has been identified including water-soluble small molecules (SM), middle molecules 
(MM) and protein-bound (PB) molecules (Vanholder et al., 2003). The well-known small
water-soluble uremic compounds are urea, creatinine and uric acid. As small water-soluble
compounds are removed easily from blood during a single hemodialysis session (Fagugli
et.al., 2002), the protein-bound solutes like indoxyl sulphate are more poorly eliminated.
Most known MM beta-2-microglobulin (B2M) is due to its kinetic behaviour an ideal marker 
for studying the middle molecules’ characteristics (EBPG, 2002). Beta-2-microglobulin is a
solid and independent indicator of the outcome of hemodialysis patients, and an excellent 
marker molecule, and should be monitored regularly in dialysis patients (Canaud et al.,
2006). Studies about the removal of middle molecules have been published for many years 
and it is proven that high-flux dialysis membranes have a beneficial effect on removing
middle molecules (Kim et al., 2014). Increase in prescription of high-flux hemodialyzers is
supported by the EBPG for maximizing removal of middle-sized uremic toxins.

The general aim of the thesis was to assess the removal of different marker molecules 
with different characteristics and size by different dialysis modalities using the 
standardized laboratory methods and optical methods. Also, to evaluate the accuracy of 
the laboratory and optical methods and how middle and protein-bound molecules 
behave at various modalities compared to low molecular weight solutes. The final aim 
was to obtain important information for the development of an optical method and to 
confirm its reliability in comparison with classical laboratory methods. We hypothesised 
that the optical method is as reliable as laboratory analysis and we can confirm it for 
tested substances. 

The dialysis was studied to see which molecules are eliminated during its course and 
reduction ratios (RR) [%] of different toxins were estimated. Additionally, the various 
treatment modalities were studied and compared for estimating removal patterns of the 
uremic solutes in case of different types of dialysis treatments. Furthermore, the 
accuracy of the clinical parameters obtained with routine laboratory methods and 
accuracy of optical methods were compared.  

Publication I investigates the HPLC UV-absorbance profiles of the serum and spent 
dialysate and studies the removal of uremic retention solutes in connection with the 
on-line UV-absorbance measurements. The main solute responsible for UV absorbance 
(at 280 nm wavelength) is a small water-soluble low molecular weight, non-protein-bound 
compound uric acid (UA). Also, RR was estimated and the lowest elimination was 
identified in the case of indoxyl sulphate (IS) as a protein-bound solute.  

Publications II and III are focused on the comparison of RRs of different types of 
molecules during various treatment modalities. The different dialysis modalities, 
conventional hemodialysis (HD), high flux hemodialysis (HF), and postdilutional online 
hemodiafiltration (HDF) with different parameter settings were used during the studies. 
In the studies the accuracies of the analytical and optical methods were compared. 

This thesis summarizes the author’s work at the Centre for Biomedical Engineering, 
Department of Health Technologies of Tallinn University of Technology. 
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Abbreviations 
Abs absorbance 
BIAS bias (accuracy) 
BUN blood urea nitrogen 
B2M beta-2-microglobulin 
CR creatinine 
CV coefficient of variation 
CKD chronic kidney disease 
Da dalton, unit for molecular weight 
EBPG European Best Practice Guidelines 
ESRD end-stage renal disease 
EUTox European Uremic Toxin Work Group 
GFR glomerular filtration rate 
HA hippuric acid 
HD hemodialysis 
HDF hemodiafiltration 
HF high-flux hemodialysis 
HPLC high-performance liquid chromatography 
IS indoxyl sulphate 
Kt/V dialysis dose efficacy parameter 
MM middle molecule 
MS mass spectrometry 
MW molecular weight 
NKF KDOQI National Kidney Foundation guideline 
P phosphate 
PB protein-bound 
R correlation coefficient 
RR reduction ratio 
SD standard deviation 
SE standard error 
SM small molecule 
TRS total removed solute 
UA uric acid 
UR urea 
URR urea reduction ratio 
UV ultraviolet light 
V volume, mL 
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1. The kidney failure and dialysis therapy
A kidney is 10–12 cm long, bean-shaped organ. Normally humans have two kidneys, and 
they are located in the middle of the back of the body. Kidneys have many functions, 
whereas the primary function is to filter blood. About 200 litres of blood is filtered by 
kidneys every day (www.niddk.nih.gov). The filtered blood flows back into the body and 
waste gets turned into urine. Kidneys regulate the balance of electrolytes, acid-base 
status and fluid level in the blood. They will excrete the excess water or, in case of water 
deficit, can store water. Kidneys help control blood pressure and help to produce red 
blood cells and enzymes (National Kidney Foundation guideline - NKF KDOQI).   

If kidneys are damaged and their function fails, an excessive amount of water and 
waste products accumulates in the blood and the body. If the damage to kidneys 
continues and worsens, chronic kidney disease (CKD) might develop. According to the 
NKF KDOQI (Daugirdas et al., 2015), CKD is divided into 5 stages which are estimated 
using a patient’s glomerular filtration rate (GFR). The normal GFR in adults is 
approximately 120–130 mL/min/1.73 m2 and it declines with age. In CKD stage 1 GFR is 
lower but remains > 90 mL/min. In CKD stages 2 and 3 renal functions are further 
decreased. Patients in CKD stages 4 and 5 usually require preparation for active 
treatment to survive. Stage 5 kidney failure is also called end-stage renal disease (ESRD). 
NKF KDOQI recommends that planning of dialysis begin when patients reach CKD stage 
4 where GFR falls below 15 mL/min /1.73 m2 body surface area or creatinine clearance 
reaches below 30 mL/min. By this time about 80–90% of kidney functions will have faded. 
Indications for starting dialysis in CKD are empiric and vary among doctors (Daugirdas 
et al., 2015). If kidneys’ function is declined, they cannot remove enough waste and 
excess water from the blood. The treatment for the replacement of the kidneys’ filtering 
function is called dialysis.  

Two types of dialysis methods are known: hemodialysis and peritoneal dialysis. 
In hemodialysis, a dialysis machine and special filter – dialyzer – are used to clean (filter) 
the blood. A special dialysis fluid flows through the filter and blood flows through the 
filter in the opposite side. Inside the filter is a semipermeable membrane (Parikh et al., 
2013).  

Different modalities of hemodialysis treatment have been developed based on 
variations in solute removal techniques (Tattersall et al., 2007). In conventional 
hemodialysis, diffusive transport across the membrane is taking place due to the 
difference in concentration between the blood and the dialysis liquid for each particular 
solute. The rate of diffusion depends on the molecular size and resistance to flow. 
In hemofiltration, solute removal relies solely on convection. Pressure is used to intensify 
the flow of water across the semipermeable membrane. The sieving properties of a 
membrane, i.e. membranes permeability to solutes, are determined by the size of the 
membranes’ pores. This defines the limit up to which solutes can be dragged across the 
membrane by the fluid flow. Hemofiltration provides high clearance of medium-sized 
and large molecules. To increase the efficiency, a higher ultrafiltration flow rate must be 
generated and this requires a higher blood flow rate and sometimes also a larger 
membrane surface area. The hemodiafiltration procedure combines the principles of 
hemodialysis and hemofiltration, ensuring an efficient process. That means 
hemodiafiltration utilizes a combination of diffusive and convective solute transport 
through a highly permeable dialysis membrane. Several reports suggest that those 
therapies potentially improve the outcomes for ESRD patients (Schiffl, 2019). Optimal 
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forms of hemodiafiltration provide urea clearance 10–15% higher than the 
corresponding diffusive mode. Compared with standard hemodialysis, HDF removes 
more middle molecular weight solutes. For example, beta-2-microglobulin (B2M) levels 
may be reduced up to 70% (Tattersall et al., 2013). The variation of dialysis time and 
frequency has little effect on the removal of small molecular weight solutes (e.g. urea), 
but it might improve the removal of middle molecules. Hemofiltration and 
hemodiafiltration are more effective blood purification therapies than hemodialysis 
(Ledebo et al., 2010), because these therapies require dialysis membranes which are 
highly permeable to solutes, as well as fluid, and in both cases, large volumes of 
ultrafiltration are the condition for convective transport. The schematic principles of 
different modalities are demonstrated in Figure 1. 
 

 
Figure 1. Schematic principles of different hemodialysis modalities:  

a) conventional hemodialysis, b) hemofiltration, c) hemodiafiltration 
 
To support the renal function, dialysis should be delivered at least three times per 

week, minimum of 4 hours per procedure. The length of dialysis should be adjusted to 
the needs of each patient. Increasing the treatment session time can improve solute 
removal, especially of middle molecules such as beta 2-microglobulin, compared to the 
shorter treatment time. But the effect on increasing the session length on clearance of 
small water-soluble molecules (e.g. urea) is minimal (Tattersall et al., 2007). 
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2. Dialysis quality and adequacy 
The prevalence of chronic kidney disease (CKD) (stages 1–4) is estimated to be 7.2% in 
adults over the age of 30 years (Joshi, 2014). Average life expectancy of dialysis patients 
is 5–10 years after starting the therapy. However, many patients have lived well on 
dialysis for 20 or more years (NKF-DOQI, 2006). The aim of renal replacement therapy is 
to prolong the survival of patients with renal diseases. High mortality and morbidity of 
ESRD patients is still a question despite the resources committed to the treatment. 
Ongoing improvements in dialysis therapy help improve ESRD patients’ life quality. Toxic 
substances called uremic toxins may accumulate in the body even if the patient receives 
renal replacement therapy and therefore the assessment of dialysis efficiency is vitally 
important. Traditionally, dialysis adequacy is assessed by urea clearance quantified as 
urea reduction ratio (URR) or Kt/V blood. URR is based on blood urea tests. The levels 
before and after the treatment are measured and removal in percentage is estimated. 
For URR calculation the following formula is used: 
 

  URR (%) = 100 x (1-(Post BUN/Pre BUN))             (1) 
 

where Post BUN is the blood urea nitrogen before the start of the dialysis session and 
Pre BUN is the blood urea nitrogen after the dialysis session. 

The dialysis dose efficacy parameter Kt/V is mathematically related to the URR and 
can be derived from it (NKF-DOQI, 2006). In a simplified model of urea removal where 
urea generation is not considered, Kt/V is related to URR as follows:  

         Kt/V = -ln (1 – URR)               (2) 

where K is the dialyzer clearance of urea, t is the dialysis time or session length, and V is 
the volume of distribution of urea approximately equal to the patient's total body water. 
Measuring dialysis adequacy using urea clearance requires careful and precisely timed 
blood sampling. Because of these challenges, adequacy is usually measured once a 
month which may not be frequent enough to detect the factors that may reduce the 
effectiveness of dialysis treatment. It is demonstrated in previous studies that Kt/V still 
has limitations as a universal predictor of uremic solute elimination (Eloot et al., 2013). 
The choice of the valid dialysis quality parameter(s) leading to the more physiologically 
correct concentration of potential uremic toxins in the body fluids is still an unresolved 
issue (Vanholder et al., 2003). 
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3. The uremic solutes 
In 2003, the European Uremic Toxin Work Group (EUTox) proposed a classification of  
90 retention solutes (Vanholder et al., 2003). Over the last decade, this list has been 
significantly updated with toxins whose behaviour and effects on the human body have 
been studied (Neirynck et al., 2012; Duranton et al., 2012; Tanaka et al., 2015). Newly 
identified substances are added to the list on an ongoing basis, providing an increasingly 
complex picture of their potential toxicity (www.uremic-toxins.org).  
The substances that have a damaging effect on biologic functions are called uremic 
toxins. Uremic toxins differ in their water solubility, protein-binding capacity, molecular 
weight, the pattern of removal by dialysis, biological properties, and potential to produce 
clinical symptoms. According to the molecular weight, protein-binding capacity, and the 
removal pattern by dialysis, three different groups of toxins are proposed by EUTox 
(Vanholder et al., 2003): 

• Small water-soluble molecules (SM) with MW <500 Da, e.g. urea (UR) with MW 
= 60 Da, creatinine (CR) with MW = 113 Da, uric acid (UA) with MW = 168 Da; 

• middle molecules (MM) with MW >500 Da, e.g. beta-2-microglobulin (B2M) 
with MW=11 818 Da; 

• protein-bound molecules (PB), e.g. indoxyl sulphate (IS) with MW = 251 Da, 
hippuric acid (HA) with MW = 179 Da. 

Several uremic solutes play a role in cardiovascular damage, a major cause of 
mortality in CKD. Over the past years, especially protein-bound compounds and middle 
molecules have been identified as some of the main toxins involved in vascular lesions 
affecting the endothelial cell, leukocyte, platelet, and vascular smooth muscle cell 
function in CKD (Glorieux et al., 2011). Many of these solutes are difficult to remove by 
standard dialysis strategies. The removal of protein-bound solutes remains limited 
because only the free fraction of the solute is available for, mostly diffusive, removal, 
while removal of the larger middle molecules can be obtained by increasing dialyzer pore 
size and by applying convective strategies (Glorieux et al., 2016).  

3.1. Small free water-soluble solutes 
This group consists of small solutes with MW <500 Da. Currently, 68 solutes are listed  
by EUTox as SM solutes (Vanholder et al., 2003). The most known solutes are  
creatinine (MW 113 Da), urea (MW 60 Da), and uric acid (MW 168 Da). Creatinine and 
urea are the most common markers for assessment of renal failure. Moreover, urea has 
been routinely used to assess the effectiveness of dialysis (Lisowska-Myjak, 2014).  
The reason is that urea is formed most rapidly of all the substances dissolved in the  
body and reaches the highest blood concentration. Also, urea production is linked  
closely to protein metabolism and the kinetic behaviour of urea is well-known (Clark  
et al., 2019). 

The Urea itself is not toxic but the uremic syndrome is related to the retention of  
urea in the body of patients with renal failure. Accumulated urea has a toxic effect 
(Glorieux et al., 2015) Due to the water-soluble effect, these solutes are easily removed 
from the blood during dialysis, even by conventional hemodialysis (Dhondt et al., 2000).  
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3.2. Middle molecules 
Middle molecules are defined as toxins with MW >500 Da (Vanholder et al., 2003).  
One of the best-known molecules in this group is beta-2-microglobulin (B2M),  
a non-glycosylated polypeptide with a molecular weight of 11 818 Da. The role of B2M 
in dialysis-related amyloidosis was defined in the 1980s. Later studies provided data 
about the association between B2M and early-onset atherosclerosis in hemodialysis 
patients without co-morbidities. The interest in the role of uremic toxins in uremic 
atherosclerosis and B2M as a marker of cardiovascular and mortality risk has grown 
(Zumrutdal et al., 2005). 

B2M has been used as a marker for describing behaviour and removal of middle 
molecular weight solutes during dialysis for many years. European Best Practice 
Guidelines (EBPG) have pointed out that although an ideal marker for middle molecular 
uremic toxins has not been identified yet, B2M is representative in its kinetic behaviour 
of other middle molecules (MM) and peptides of similar size and may be used as a marker 
for such molecules (EBPG 2002). 

3.3. Protein-bound solutes 
The molecular weight of most members of this group is less than 500 Da (Liabeuf 2011; 
Vanholder et al., 2003). Well-known protein-bound solutes are indoxyl sulfate (IS), 
with a molecular weight of 251 Da, and hippuric acid (HA), with a molecular weight of 
179 Da (Vanholder et al., 2003). Serum IS level is markedly higher in chronic kidney 
disease (CKD) patients than the corresponding concentrations in healthy subjects 
(Shunsuke et al., 2014). IS may induce oxidative stress, dysfunction of endothelium, 
vascular inflammation and calcification. This molecule has been associated with 
cardiovascular mortality in CKD patients (Shunsuke et al., 2014; Barreto et al., 2009).  
The biological effects of hippuric acid (HA) have been less explored, the most described 
effect is associated with renal tubular damage (Vanholder et al., 2018). 

Protein-bound solutes are poorly eliminated by the commonly used dialysis 
techniques due to their protein-binding capacity. Several studies, conducted to  
improve the elimination of these components, have shown that the removal of  
bound solutes can be increased by raising the dialysate flow and dialyzer surface area 
(Sirich et al., 2012).  
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4. Methods for uremic solutes’ analyses
4.1. Standardized clinical laboratory methods 

In the clinical laboratory, the simple and fast biochemical analysis methods are in use for 
detecting small water-soluble uremic toxins like creatinine (CR), uric acid (UA), and urea 
(UR). The time of analysis is usually very short; it takes only a few minutes to receive the 
analysis result. They are direct or indirect methods where the main method principle is 
enzymatic colorimetric assay. The end-product of the chemical reaction is commonly 
measured photometrically.  

For the quantitative detection of creatinine, the kinetic colorimetric assay is used 
based on the Jaffe reaction. In alkaline solution, creatinine reacts with alkaline picrate 
forming an orange-coloured complex. The intensity of the colour formed is proportional 
to the creatinine concentration in the sample [μmol/L]. The colour intensity is measured 
photometrically at a wavelength of 505 nm. Reaction equation (Product information: 
Hitachi 912 autoanalyzer, Roche, Switzerland): 

creatinine + picric acid 
  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑎𝑎    

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� creatinine-picric acid complex 

For the quantitative detection of uric acid, the enzymatic colorimetric test is used. 
Enzyme uricase transforms the uric acid in the sample into allantoin, carbon dioxide 
(CO2), and hydrogen peroxide (H2O2). By the action of peroxidase (POD) and in the 
presence of phenol-derivative (3,5-dichloro-2-hydroxyl-benzenesulfonic acid - DHBS) and 
4-Aminoantipyrine, hydrogen peroxide gives a coloured indicator reaction which can be
measured at 520 nm. The absorbance is proportional to the concentration [μmol/L] of
uric acid in the sample. Reaction equation (Product information: Hitachi 912
autoanalyzer, Roche, Switzerland):

uric acid + 2 H2O + O2 
  𝑠𝑠𝑢𝑢𝑎𝑎𝑢𝑢𝑎𝑎𝑠𝑠𝑎𝑎

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� allantoin + CO2 + H2O2

2 H2O2 + 4-aminophenazone + DHBS 
  𝑃𝑃𝑃𝑃𝑃𝑃  

�⎯⎯⎯⎯⎯⎯⎯⎯⎯� quinone-diimine dye + 4 H2O 

The biochemical method for urea detection is based on the determination of urea 
nitrogen which is an end product of nitrogen metabolism. This method is based on 
enzymatic reaction using urease and glutamate dehydrogenase. Urea is hydrolysed in the 
presence of the enzyme urease into ammonia and carbon dioxide. The ammonia reacts 
with alfa-ketoglutarate and NADH (nicotinamide adenine dinucleotide (NAD) + hydrogen 
(H)) in the presence of glutamate dehydrogenase. The oxidation reaction of NADH to 
NAD occurs. The decrease of absorbance due to the consumption of NADH is measured 
photometrically at a wavelength of 340/410 nm. Product concentration is proportional 
to the urea concentration [μmol/l] in the sample. Reaction equation (Product information: 
Siemens Healthcare Diagnostics Inc., Erlangen, Germany): 

urea + H2O 
  𝑠𝑠𝑢𝑢𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎  

�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 2 ammonia + CO2

ammonia + NADH + α–ketoglutarate 
  𝑔𝑔𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑔𝑔𝑎𝑎𝑠𝑠𝑎𝑎 𝑑𝑑𝑎𝑎ℎ𝑦𝑦𝑑𝑑𝑢𝑢𝑠𝑠𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� glutamate + NAD + H2O 
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Measurement of inorganic phosphorus in serum has been accomplished by forming 
a phosphomolybdate complex and, in turn, reducing it to a molybdenum blue colour 
complex. Inorganic phosphorus reacts with ammonium molybdate in an acid medium 
to form a phosphomolybdate complex that absorbs light at 340 nm. The absorbance 
at this wavelength is directly proportional to the amount [mmol/l] of inorganic 
phosphorus present in the sample. Reaction equation (Product information: Hitachi 912 
autoanalyzer, Roche, Switzerland): 

inorganic        + H2SO4 +   ammonium�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�    unreduced 
phosphorus   molybdate phosphomolybdate complex 

For detection of beta-2-microglobulin (B2M) a more sophisticated technology called 
chemiluminescent enzyme-labelled immunometric assay (CLIA) is used. Because B2M 
has a complex structure and its molecule is a long amino acid chain, this method is not 
so simple as the one used for detecting small water-soluble toxins. For B2M detection, 
a special reagent kit is used which is manufactured by the Siemens (previously developed 
by DPC, Tarrytown, NY USA) company for the Immulite-type automated analysers. 
This Immulite B2M kit contains the solid-phase bead which is coated with an 
affinity-purified murine monoclonal anti-beta-2 antibody. In this reagent kit a serum 
sample to bind B2M into an antibody sandwich complex is incubated. Then the 
chemiluminescent substrate, a phosphate ester of adamantly dioxetane, is added. 
In the presence of a reagent, the alkaline phosphatase produces light which is 
proportional to the concentration of the B2M in the sample (Product information: 
Siemens Healthcare Diagnostics Inc., Erlangen, Germany). 

Analysis methods used at the clinical laboratory might be affected by interfering 
factors which influence the accurate determination of the analyte. These kinds of 
substances might be other drugs in the sample or endogenous compounds, for example 
hemolysis, lipemia, or high bilirubin level (Kroll et al., 1994; Nikolac, 2014; Mainali 
et al., 2017). These interferences affect the results of the analysis, delivering 
increased or decreased concentration values compared to the real ones. Although 
all manufacturers must assess these interferences before producing the methods, 
these interferences are not standardised and the influences to the results differ 
between manufacturers even if the same methodology is used (Nikolac, 2014). 
It is crucial to know the lowest concentration of the interfering factor that could cause 
a bias. The bias is expressed by the standard deviation (SD), usually 2 SD. The bias is 
considered to be significant if it is larger than an analytical error of the instrument. 

The parameter of imprecision is described by the intraindividual coefficient of 
variation (CVw). Allowable bias (total error, TE) for interference is calculated as (Nikolac, 
2014): 

TE = CVw – (1,96 x CVa) – B   (3) 

where CVa is the analytical coefficient of variation and B is bias. 

Therefore, using the clinical chemistry analysis methods, the accuracy should be 
evaluated and the acceptance criteria for different interferences defined. 
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4.2. High-performance liquid chromatography (HPLC) 
High-performance liquid chromatography (HPLC) is an analytical chemistry technique 
which can separate and identify the components mixed in a liquid solution. The most 
commonly used form of HPLC is the reversed-phase HPLC technique. This method is 
found to be a sensitive, accurate, and reproducible method for qualitative and 
quantitative analysis of aqueous samples (Vanholder et al., 2001). Furthermore, 
the method is suitable for the investigation of many non-volatile or thermally unstable 
compounds commonly found in biological samples because of the use of ambient 
temperature in reversed-phase columns. The HPLC testing enables the separation of 
compounds in a mixture sample more efficiently and faster than traditional column 
chromatography (Lauri et al., 2011).  

The typical HPLC system consists of two key segments – a stationary and a mobile 
phase. The first, stationary phase is a column filled with small solid sorbent particles; in 
there the separation of different compounds takes place. The second, mobile phase is 
a flowing liquid (solvent) which transports the compounds from the sample through 
the stationary phase. Due to the relative affinities of the solvent and stationary 
phase, the compounds of the mixture travel at different speeds. Thus, separation of 
compounds in the stationary phase takes place according to slight differences in 
chemical properties, such as the size of non-polar groups and chemical polarity.  

Figure 2 is a simplified block diagram illustrating the main components of a modern 
HPLC. An HPLC system consists of the following units: pumps, sample-injection, sample 
separation (column), detection and data-processing.  

Figure 2. Schematic reversed-phase HPLC method principle. 

There are several different detection methods used in HPLC, whereas the most 
popular ones are optical. The most common optical detection method is an ultraviolet – 
visual light (UV-VIS) absorption detector. In the UV-VIS detector the absorption occurs at 
a wavelength between 180–800 nm; it can be employed for analysis of a wide range of 
compounds. UV-VIS spectroscopy is a simple, sensitive, and reliable technique which 
allows to determine very low concentrations of compounds (Passos et al., 2018).  

In modern HPLC systems, fluorescence detectors are used. Those are suitable for 
detecting the fluorescent compounds or the compounds which exhibit an appropriate 
fluorescence due to derivatisation. In the fluorescence spectroscopy the intensity of the 
emission of the sample is measured and that of the emission signal is measured above a 
low background level. This is 1000 times more sensitive than absorption spectroscopy 
(Peterson, 1997). 
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4.3. Optical methods 
Two optical techniques have been in use for detecting solutes in biofluids: the ultraviolet 
(UV) absorbance measurement and fluorescence measurement (Munjanja et al., 2015). 

UV spectroscopy is related to the interaction of light with matter. If light interacts 
with biological fluid or solution, it might be absorbed, scattered, or reflected. Light 
absorbs in the dialysis fluid. The light absorbed by a chemical compound will produce a 
distinct spectrum due to the increase in the energy content of the atoms or molecules. 
The UV spectroscopy unit of measurement is called an Absorbance value (Abs).  

The schematic principle of UV spectroscopy is demonstrated in Figure 3. 

Figure 3. Schematic UV spectroscopy principle. 

The basic principle of UV spectroscopy follows the Beer-Lambert law (Perkin Elmer, 
2000). The principle is that if light is passing through the spectrometer, the incident light 
intensity decreases with the thickness of the cell (solution) and absorbance of entering 
light is proportional to the amount of material that absorbs the incident light (i.e., the 
concentration of the compound). This is expressed through the equation:  

𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙10 
𝑎𝑎0 

𝑎𝑎
= 𝜀𝜀𝜀𝜀𝜀𝜀  (4) 

where: 
A – absorbance; 
I – the intensity of light passed through a solution; 
I0 – the intensity of incident light; 
ε – molecular extinction coefficient, shows the absorption of a 1 molar solution of the 
test substance at a wavelength of λ if the thickness of the solution is 1 cm; 
C – concentration of the solute; 
d- the thickness of the solution layer, or optical path length (cuvette thickness).

According to the wavelength (nm), the region of the electromagnetic spectrum is
called a UV spectrum – on a wavelength range of 200–350 nm – or VIS spectrum – on a 
range of 350–700 nm. UV–VIS spectroscopy uses the absorption of electromagnetic 
radiation in the UV–VIS region – that is the most extensively used spectroscopic 
technique for measuring chromophores (Munjanja et al., 2015).  

Fluorescence spectroscopy analyses fluorescence from a molecule based on its 
fluorescent properties. Fluorescence spectroscopy is a type of luminescence using a light, 
UV, VIS, or near-infrared (IR) region. During the process, absorption of light takes place 
and the subsequently, the molecule is excited, which quickly returns to its grounded state 
losing a photon (Munjanja et al., 2015). This is more sensitive than UV spectroscopy. 

Incident light       I0 
 

Passing light      I 
 

d 

Solution 
cell 
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The fluorescence instrument contains three basic items: a source of light radiating an 
excitation beam (Figure 4), a solution cell and a detector (Perkin Elmer, 2000). A light 
source is usually the tungsten-halogen lamp or the mercury lamp. A light beam passes 
through a solution in a cuvette. The light emitted (from an angle) by the sample is 
measured; both an excitation spectrum (the light that is absorbed by the sample)  
and/or an emission spectrum (the light emitted by the sample) can be measured.  
The concentration of the compound in the sample is proportional to the intensity of the 
emission. A better sensitivity can be achieved if using filters which allow the total range 
of wavelengths emitted by the sample to be collected. 

The schematic principle of fluorescence spectroscopy is demonstrated in Figure 4.  
 

  
 
 
 
 
 
 
 
 
 
 

Figure 4. Schematic fluorescence spectroscopy principle. 
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Aims of the study 
The thesis aimed to investigate the elimination of uremic toxins with diverse 
characteristics by different dialysis modalities using standardized laboratory methods 
and optical measurements. 
The specific aims were: 

- to identify which uremic solutes contribute to the ultraviolet (UV) absorbance 
profile in serum and spent dialysate using the high-performance liquid 
chromatography (HPLC) method; 

- to investigate the removal of the small, protein-bound and middle molecules, 
during various treatment modalities; 

- to determine whether the results from optical measurements are comparable 
to the results from a chemical laboratory and to evaluate the accuracy of the 
laboratory and optical methods.  
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5. Experimental studies: Methods

5.1. Clinical studies 

In all experiments, patients from North Estonia Medical Centre, Tallinn, Estonia, were 
included. The studies were performed after the protocols were approved by the Tallinn 
Medical Research Ethics Committee at the National Institute for Health Development, 
Estonia. Informed consent was obtained from all participating patients. A summary of 
patients, dialysis parameters, and dialysate sampling times is presented in Table 1. 

Table 1. Patients, conditions and sampling times 

Publication I Publication II Publication III 
Total number of 
patients 
(Male/Female) 

10 (7/3) 7 (3/4) 10 (5/5) 

Mean age ± SD 62.6 ± 18.6 58.1 ± 8.7 59.1 ± 15.0 

Number of 
sessions 

30 28 40 

Dialysis machine Fresenius 4008H Fresenius 5008 Fresenius 5008 

Dialyzers F8 HPS (HD) 
F10 HPS (HD) 

FX 80 (HF) 

FX8 (HD) 
FX1000 (HF, HDF) 

FX8 (HD) 
FX1000 (HF, HDF) 

Dialysate flow 
ml/min 

500 500-800 500-800

Blood flow 
ml/min 

245–350 300–350 300–350 

Dialysate 
sampling time 

10 min from the 
beginning and at 

the end of a session 
(210 or 240 min) 

7 to 10 min from 
the beginning and 

at the end of a 
session (180 or 240 

min) 

10, 60, 120 min 
from the 

beginning and at 
the end of a 

session (180 or 
240 min) and tank 

Blood sampling 
time 

pre-and post-
dialysis 

pre-and post-
dialysis 

pre-and post-
dialysis 

Uremic solutes 
analysed 

CR, UA, Urea, P, 
 IS, HA 

Urea, B2M Urea, B2M, IS 
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The schematic clinical set-up, sample collection, and analysis are shown in Figure 5. 

Figure 5. Clinical set-up and sampling. 

5.2. Optical measurements 

All treatments were monitored optically using UV-absorbance registration with the 
spectrophotometer HR2000 (Ocean Optics, Inc., USA). The device was provided with a 
specially designed optical cuvette with an optical path length of 5 mm, connected to the 
fluid outlet of the dialysis machine, all spent dialysate passing through the cuvette during 
the online experiments. UV-absorbance of the spent dialysate at the selected 
wavelengths was registered during the dialysis procedures. The absorbance was 
measured in arbitrary units (a.u.). The sampling frequency was set to two samples per 
minute. The UV-absorbance values were processed and presented on the computer 
screen by a PC connected to the spectrophotometer using the Ocean Optics software 
(OOIBase32, version 2.0.2.2 for Windows). 

In Publications II and III the double-beam spectrophotometer (UV-3600 UV-VIS-NIR, 
Shimadzu Inc, Japan) was used for the determination of UV-absorbance of the spent 
dialysate samples. Scanning was performed in the UV-range over the wavelengths 
190–380 nm. The obtained spectral values were processed and presented via the 
software UV Probe (Shimadzu Inc., Japan). 

Fluorescence analysis (Publication III) was performed over an excitation (EX) 
wavelength range of 220–500 nm (excitation increment 10 nm) and an emission (EM) 
wavelength range of 220–500 nm by the spectrofluorophotometer (RF-5301, Shimadzu 
Inc., Japan). Measurements were performed at room temperature (ca. 220 C) within 8 
hours after each session. The obtained spectral values were processed and presented via 
the software Panorama fluorescence (Shimadzu Inc., Japan). 

5.3. HPLC analysis 
For chromatographic analysis (Publications I and III) the reversed-phase HPLC systems 
were used as described below. 

Publication I: The HPLC system consisted of a quaternary gradient pump unit, 
a column oven, and a diode array spectrophotometric detector (DAD, all Series 200 
instruments from Perkin Elmer, Norwalk, CT, USA), a manual injector from Rheodyne 
(Rohnert Park, CA, USA), and a Zorbax C8 4.6 x 250 mm column from Du Pont Instruments 
(Wilmington, DE, USA) with the security guard KJO-4282 from Phenomenex (Torrance, 
CA, USA). The eluent was mixed with 0.05 M formic acid adjusted to pH 4.0 with 
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ammonium hydroxide (A), HPLC grade methanol (B) and HPLC-S grade acetonitrile (C), 
all from Rathburn (Walkerburn, Scotland), with a six-step gradient program as specified 
in Publication I. 

Publication III: The HPLC system consisted of a quaternary gradient pump unit, 
a thermostated autosampler, a column oven, a diode array spectrophotometric detector 
(DAD), a fluorescence detector (FLD), all Ultimate 3000 Series instruments from Dionex 
(Sunnyvale, CA, USA), and two continuous columns of Poroshell 120 C18 4.6 x 150 mm 
from Agilent Instruments (Wilmington, DE, USA) with the security guard KJO-4282 
from Phenomenex (Torrance, CA, USA). The samples were kept at 6°C in the 
autosampler. The eluent was mixed with 0.05 M formic acid adjusted to pH 4.25 with 
ammonium hydroxide (A), and an organic solvent mixture of HPLC grade methanol 
and HPLC-S grade acetonitrile, both from Rathburn (Walkerburn, Scotland) in the ratio of 
9:1 with 0.05 M ammonium formate salt (B). A three-step linear gradient elution 
program was used. 

Before the HPLC analysis, the serum samples were purified from proteins by 
centrifuging with two different Microcon centrifugal filters (Millipore, USA): a YM-3 with 
cut-off 3 kDa and a YM-100 with cut-off 70 kDa, at room temperature. The dialysate 
samples were acidified down to pH 4.0.  

Every peak in the HPLC chromatograms was characterized by the retention time 
and the mass spectrum. The chromatographic peaks were identified by comparing 
the retention time and the mass spectrum of the spent dialysate to the reference 
compound. 

5.4. Clinical laboratory analyses 
The concentrations of creatinine (CR), uric acid (UA), urea (UR), and phosphate (P) in 
Publication I were measured using the Hitachi 912 autoanalyzer (Roche, Switzerland). 
The coefficient variation (CV) of the methods used for the determination of different 
solutes in spent dialysate and blood samples were CR 5%, UA 2%, UR 4%, and P 2%. 

In publications II and III the urea and beta-2-microglobulin (B2M) concentration 
measurements in serum and dialysate samples were performed at the clinical chemistry 
laboratory SYNLAB Eesti OÜ (earlier name Quattromed HTI Laborid), Estonia, using 
standardized methods. Urea concentrations were measured by ADVIA 1800 (Product 
information: Siemens Healthcare Diagnostics Inc., Erlangen, Germany) autoanalyzer. 
B2M concentrations were measured by Immulite 2000 and Immulite 2500 autoanalyzer 
(Siemens Healthcare Diagnostics Inc., Erlangen, Germany). 

The accuracy was 10% for B2M, and 3.2% for UR in dialysate and in blood. 
These traditional methods described above need blood, urine, or dialysate sampling 

which requires extra effort from the medical personnel and can be unpleasant for 
the dialysis patients. Therefore, sampling is traditionally not performed during every 
dialysis procedure. Moreover, laboratory analysis requires resources and time. 
The results of the ongoing procedure arrive when the patient has already left the 
hospital. By traditional methods modifications in the ongoing treatment are not 
possible. Therefore, it would be essential to monitor these parameters in real-time 
to obtain adequate information about the patient’s condition and treatment 
performance during the ongoing dialysis procedure. 
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5.5. Calculations and statistical analysis 
Removal on solutes during dialysis sessions was described by a reduction ratio % (RR) in 
serum and dialysate. 

𝑅𝑅𝑅𝑅 = 𝐶𝐶0 – 𝐶𝐶𝑡𝑡
𝐶𝐶 0

× 100 %   (5) 

where C0 is a serum sample before and Ct after the dialysis procedure. For spent 
dialysate, a sample taken after 10 minutes from the start and at the end of the dialysis 
procedure were utilised as C0 and Ct, respectively. In the case of optical measurements, 
C0 and Ct were replaced by the uremic solute concentration in spent dialysate, calculated 
from the optical data. 

The total removed solute (TRS) of a substance was calculated based on total 
dialysate collection (TDC) as follows: 

 𝑇𝑇𝑅𝑅𝑇𝑇 =  𝜀𝜀𝑇𝑇  × 𝑊𝑊𝑇𝑇 (6) 

where CT is the total substance concentration in the dialysate collection tank and WT is 
the weight of the dialysate collection tank [kg]. 
Achieved results were compared regarding mean values and SD, also by accuracy and 
standard errors (BIAS±SE) using Excel (version 2007 for Windows). CV was calculated as 
the ratio of the standard deviation to the mean. 

Bias was calculated as follows using RR values based on concentrations from the 
laboratory as reference: 

𝐵𝐵𝐵𝐵𝐴𝐴𝑇𝑇 = ∑ 𝑎𝑎𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁

   (7) 

where ei is the residual (difference between laboratory and optically determined RR 
values for the i-th treatment) and N is the number of observations (Esbensen, 2009)  
Standard error (SE) of performance was calculated as follows: 

𝑇𝑇𝑆𝑆 = �∑ (𝑎𝑎𝑖𝑖−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁−1
  (8) 

where ei is the difference between the lab and model concentration for the i-th 
measurement (Esbensen, 2009). 

In Publication III a multiple regression analysis was performed for determining the 
best wavelengths for the B2M IS concentration estimation models using software 
Statistica 10.0 (Statsoft, Inc. for Windows). 

Students’ paired t-test was used to compare means and BIAS for different methods 
and f-test two-sample for variances to compare variances and SE. A p-value lower than 
0.05 was considered significant. 
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6. Results and discussion
In all publications included in the thesis the elimination of uremic toxins during dialysis 
simultaneously assessed with the different analysis methods has been compared. 
Standardised clinical laboratory methods, sophisticated high-performance 
chromatography (HPLC) and optical (UV absorption and fluorescence) measurements 
were used for the determination of solute removal during dialysis. Dialysis fluid and 
serum were analysed and the correlation for different uremic toxins (SM, MM, PB) was 
compared. Additionally, uremic solute removal using various types of dialysis filters and 
during different dialysis modalities was discussed. The accuracy of determining the 
uremic solute concentrations using different methodologies was compared.  

When some uremic toxins (IS, HA) with a potentially significant impact to the survival 
of a patient with end-stage renal disease are impossible to detect with standardized 
clinical laboratory methods, then the knowledge about the blood concentration and 
dialytic removal could be valuable information for medical doctors. Therefore, our 
research group has focused on developing novel solutions that can make real-time 
monitoring of the dialysis available without collecting any blood samples, offering the 
easiest way to observe the elimination of the different types of uremic toxins from a 
patient with end-stage renal failure. We have demonstrated that aside standardized 
clinical laboratory methods, an alternative solution for dialysis adequacy monitoring is 
available. 

The purpose of this dissertation has been to study various analytical methods, to 
compare their accuracy, and to confirm the reliability of a simple optical method which 
could be useful in daily medical practice. 

6.1. HPLC UV absorption profiles of uremic fluids (Publication I) 

The first publication focused on determining concentrations of uremic toxins 
by high-performance liquid chromatography (HPLC) in serum and spent 
dialysate. Different HPLC settings were tested and the reliability and performance 
of the HPLC method was evaluated. Earlier studies have demonstrated that HPLC 
method is suitable for uric acid (UA) measurements and contributes most to the UV 
absorption (Donadio et al., 2013), but an experimental work was done to prove 
that this method is also suitable for identification of creatinine, indoxyl sulphate 
(IS) and hippuric acid (HA). These three compounds are uremic solutes’ 
chromophores which contribute to UV-absorbance in the spent dialysate (Tomson 
et al., 2013; Lauri et al., 2010). For this reason, it was possible to identify and 
measure the concentrations of those uremic solutes by HPLC with an absorbance 
detector. The dialytic elimination of all compounds was evaluated as a reduction 
ratio (RR) in both blood serum and spent dialysate. Two different filters, low-flux 
and high-flux, were used during the dialysis sessions in this study. The membranes 
showed no difference in the removal of the uremic solutes using chosen dialysis 
settings as also observed earlier (Lesaffer et al., 2000). The results were promising 
enough to continue developing the HPLC and optical methods in the future. 

The results revealed that absorbance and the number of chromophores from the 
HPLC profile at a wavelength of 254 nm had higher values compared to the wavelength 
of 280 nm. All RR results calculated from the concentrations of the uremic solutes were 
compared to the RR estimated from the total area of HPLC peaks (TA HPLC peaks) at 
254 and 280 nm and the on-line UV-absorbance at 280 nm. The best correlation was 
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between serum UA RR and TA HPLC at 280 nm and UV absorbance at 280 nm  
(in Publication I, Table II). UA was also the prevalent component of the HPLC UV 
absorbance profiles. Creatinine had a good correlation with UV absorbance at 280 nm 
and a relatively high correlation also at 254 nm. In contrast, small protein-bound 
molecules IS and HA had a low correlation with the UV absorbance. It was concluded  
that UV absorbance cannot be used to monitor the elimination of these two compounds 
in the spent dialysate. It is worth noting that neither IS nor HA are detectable by the 
standardized clinical chemistry methods. 

Since urea has no absorbance in the UV spectral range, it is not detectable by the 
HPLC-UV method and was measured only by using the biochemical analysis method. 
Therefore, it is important to further develop the optical method so that all different 
groups of toxins could be determined optically. On the one hand, we want to find a 
simple method for following the removal of solutes during the dialysis session, but on 
the other hand, clinical chemistry methods have their disadvantages. 

Clinical chemistry methods have various limitation which means methods could be 
affected by interfering factors. Drugs or abnormalities in the blood sample like hemolysis, 
lipemia, or high bilirubin level can increase or decrease the concentration of the 
compound measured (Kroll et al., 1994; Nikolac, 2014; Mainali et al., 2017). These 
influences affect the colour intensity of the solution resulting from the reaction which is 
proportional to the concentration. For example, colorimetric measurement is influenced 
by the high level of haemoglobin, bilirubin, or triglycerides in the serum. Haemoglobin is 
the protein molecule in red blood cells which carries the oxygen and carbon dioxide 
between body tissues and the lungs. Destruction of the red blood cells might cause the 
release of haemoglobin into the blood plasma and makes it reddish. That outcome is 
called hemolysis and this is higher the more extensive the breakdown of the red cells is. 
The major causes of hemolysis are wrong sample collection or transport conditions 
(blood sample shaking, freezing). The visual detection of hemolysis is possible if 
haemoglobin concentration is higher than 0,2 g/L. The lower concentration is not 
detectable by eye, but it is detectable by an autoanalyzer as a hemolysis index (Kroll  
et al., 1994). Hemodialysis might be the cause of hemolysis because this is where the 
blood is processed mechanically during the procedure and therefore the red blood cells 
might be damaged. As a result of hemolysis, the colorimetric analysis of the serum does 
not give correct results (crea, UA). In our study, the hemolysis rate was assessed before 
the analysis and only non-hemolytic samples were used to avoid inaccurate results. 

Bilirubin in serum is the end product of the breakdown of red blood cells in the body. 
A high level of bilirubin, also known as an icteric sample, transforms the serum green 
instead light yellow. High bilirubin concentration in the serum/plasma interferes the Jaffe 
method for creatinine level determination (Kroll, 1994) and bilirubin level higher than  
20 mg/dL interferes with the urea determination (Product information: Hitachi 912, 
Roche, Switzerland). 

Additionally, a high level of normal body lipids – triglycerides – might cause the blood 
plasma colour changes. As fat-like particles, they give white colour to the plasma. 
Patients with chronic kidney disease (CKD) can often have disorders of lipid metabolism 
(Bulbul et al., 2018). If the body accumulates the lipoproteins (the proteins which 
transport lipids like cholesterol and triglycerides) it causes a blood transformation called 
lipemia (Nikolac, 2014). A lipemic sample might be also caused by inadequate blood 
collection time (e.g. collected after a meal), but also some diseases, including renal 
disease, can affect the accumulation of lipoproteins in blood (Mainali et al., 2017). There 
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are many methods to assess lipemia in the sample. The easiest way to determine the 
lipemic serum/plasma is visually after the centrifugation of blood. Also, assessing the 
lipemia degree can be informative for triglycerides’ concentration determination. 
Moreover, the analytical rate of lipemia is expressed by the lipemic index and it is 
measured by biochemical autoanalyzers. A significant effect to the clinical parameters 
can occur if the lipemic index is >500 mg/dL (Mainali et al., 2017). 

These physiological changes in the human body, being consequences of high bilirubin 
or high hemoglobin levels in plasma/serum and a redundant volume of triglycerides, 
might be a significant source of analytical errors in clinical laboratory settings. 

In addition to endogenous substances, possible interfering chemical substances,  
like medications, might influence the measurement of analyte concentrations.  
A recommendation is given by the uric acid test reagent manufacturer (Product 
information: Siemens Healthcare Diagnostics Inc., Erlangen, Germany) that  
N-Acetylcysteine (NAC) or Metamizole administration not be allowed before blood 
collection. This could cause a false analytical result such as lower uric acid concentration. 
NAC is used as an antidote of paracetamol intoxication (Benlamkaddem et al., 2018) 
where hemodialysis is a standard treatment method (Serjeant et al., 2017). Paracetamol 
is also a common inflammation medicament. 

Usually the manufacturers present these limitations in the method sheet and thereby 
users are informed by these kinds of influences. Not all interferences, especially used 
medicaments, are possible to assess very thoroughly. Although there may be tens of 
substances listed by the manufacturer as potentially influential substances, there could 
be no information about the level of influence. Therefore, it is suggested to evaluate the 
patient’s clinical status, laboratory results, and possible treatment options together as a 
whole. For a patient, this might mean a longer waiting time for the suitable treatment. 

In general, these effects of certain interfering factors must be taken into account.  
In our study, these kinds of interferences were excluded because the potentially 
interfering substances used in treatment of the patients were known and performance 
instructions of the used lab methods were carefully observed during analyses. 

The accuracy of clinical laboratory methods is well known. The most common 
parameter for estimating the precision of the method is the coefficient of variation 
(CV%). It is the responsibility of each clinical laboratory to determine its intra-laboratory 
CV of the methods to assess the ability and quality of the analyses. This means, if the 
analytical CV% of one component is relatively high, i.e. the variability between the results 
is significant, we cannot fully trust the laboratory results. It is important that the results 
be reliable to the physician and the accuracy should not change during the time, 
especially if the patient's treatment quality is evaluated. 

The CV values of the toxins studied in this paper were the following: creatinine 5%; 
UA 2%; urea 4 %. These results were within the manufacturer's stated limits and the 
laboratory quality can be seen as trustworthy. This means that all the conclusions and 
comparisons (correlations) made with the UV method can be seen as reliable. 

For the toxins like HA and IS, the HPLC method was developed. The HPLC method is 
reliable, specific and accurate, but it is complex and expensive to use in daily clinical 
practice. It requires special skills and training of the users. Among others, the  
pre-treatment of the sample material is sophisticated. For example, proteins must be 
removed from the serum before the HPLC analysis. One possibility is to use special filters 
for deproteinization. The other choice is processing the serum at high temperature 
where the proteins precipitate out and the serum is centrifuged before removing 
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proteins with an ultracentrifuge to get clear filtrate for HPLC analysis. In the first study, 
the special filters (Microcon YM-3 and YM-100, Millipore, USA) were used for serum 
pre-treatment. Such pre-treatment does not make the method user-friendly because it 
is a time consuming and cumbersome process. Moreover, using improper techniques 
may cause the loss of important components during pre-processing and therefore the 
accuracy of the results may be affected. Dialysis fluid also requires pre-treatment. 
Due to the characteristics of spent dialysate, it is not well preserved at room 
temperature. To avoid bacterial contamination, the spent dialysate must be pre-treated 
with formic acid to obtain a pH of at least 4.0. As the samples are exposed to different 
chemicals when using the HPLC method, this process requires special conditions in the 
laboratory – a well-ventilated workbench or a laboratory hood. 

Publication I also revealed that the removal of HA and IS from the patient’s body by 
dialysis is slower than the removal of small water-soluble substances urea, creatinine, 
and uric acid, due to the protein-binding nature of HA and IS. This was the reason why 
the correlation between concentrations of HA and IS and the measured UV absorption in 
the spent dialysate was worse compared to the water-soluble substances. The paper also 
confirmed that mainly small water-soluble non-protein-bound molecules contribute to 
the UV absorption signal. 

One of the conclusions of this study was that the expansion of the range of the types 
of detectors used in the next experimental work is necessary and a solution to enable 
the detection of middle molecules and protein-bound solutes must be found. All in all, 
we realized that we need new optical methods and detectors. 

6.2. Removal of urea and B2M assessed by UV absorbance 
(Publication II) 

The second publication describes a comparison between the dialysis elimination of a 
small molecule (SM) urea and a middle molecule (MM) beta-2-microglobulin (B2M) as a 
further development of an on-line dialysis quality monitoring method. Elimination was 
assessed by a dialysis adequacy parameter reduction ratio (RR). The serum concentration 
was estimated using the standardized biochemical methods and spent dialysate was 
assessed optically by UV spectrophotometry. The dialytic elimination of different toxic 
compounds by using different dialysis filters and various modalities (HD, HF, HDF) was 
studied. RR of the toxins was compared to the UV measurements (in Publication II, 
Fig.1, 2). It was confirmed that the serum urea RR correlates well with RR from the UV 
absorption at 297 nm at various treatment modalities. However, B2M did not show the 
same trend (in Publication II, Fig.1). Due to high molecular weight, the removal of B2M is 
limited and its RR correlation with UV absorbance is poor when using the HD. The results 
are better using higher convection as during HDF where there was no statistical 
difference between the eliminations of urea, B2M, and RR using UV measurement 
(p<0.05). Thus, the elimination of B2M is dependent on modality (filter, convection, 
blood and dialysate flow rate). A measurement error (bias) was also demonstrated that 
was independent of modality for urea, but not for B2M. The measurement error is 
significantly reduced for the modalities with higher convection, as HF and especially HDF, 
compared to HD in case of B2M. The behaviour of the measurement error is shown in 
the Figure 6. 
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Figure 6. BIAS±SE values in percentage for various treatment modalities 
between urea and B2M and UV-absorbance at the wavelength of 297 in 

spent dialysate (Urea vs A_297nm and B2M vs A_297nm). 
 

For the clinical personnel, it would be necessary to obtain results quickly and not wait 
for analysis results to make adjustments towards improving the dialysis treatment.  
As frequent blood collection from dialysis patients is not suggested due to health 
reasons, it would be beneficial to have a system that does not require blood collection. 
Patients with impaired hematopoiesis could be carefully monitored and the effect of 
different procedures to their health assessed. Moreover, the standardized laboratory 
method for determining B2M is technically more complex and more expensive than a 
simple photometric assay for detecting urea which involves a simple enzymatic reaction 
and optical measurement (at 340/410 nm). Therefore, CV for urea is usually lower than 
CV for B2M because the methodology used for B2M is based on the sophisticated 
chemiluminescent immunoassay (CLIA method). A beta-2-microglobulin-specific 
antibody is used that recognizes a B2M molecule. Furthermore, due to an incubation 
period of 30 minutes, it will take hours to get the B2M results from the laboratory. 

Laboratory methods, such as typical in vitro diagnostic methods, have certain 
disadvantages compared to in vivo diagnostics. As described in relation to publication I, 
the manufacturer performs a series of experiments prior to the use of the method to 
demonstrate the suitability of the method for in vitro diagnostics, examining the effects 
of various interferences on the assay results. The CLIA method also has these limitations. 
Heterophilic antibodies in human serum can react with the immunoglobulins included in 
the reagent used for testing causing incorrect results (Product information: Siemens 
Immulite Beta-2 Microglobulin, 2015-05-11). Additionally, the serum used for testing 
should be properly pre-treated – centrifuged – before the analysis and cannot be 
hemolytic or lipemic. The presence of a high level of haemoglobins (concentration more 
than 384 mg/dL) or triglycerides (concentration more than 3000 mg/dL) may affect the 
result of the assay and the accuracy of the concentration of the component being 
measured (Product information: Siemens Immulite Beta-2 Microglobulin, 2015-05-11). 

Accuracy could also be affected by the serum dilution. In case of very high  
values, where the result is outside the calibration range, dilution is required. For B2M,  
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the calibration range can be up to 500 ng/mL (Product information: Siemens Immulite 
Beta-2 Microglobulin, 2015-05-11). Whereas patients with CKD might have very high 
values of B2M, up to 30,000 ng / mL in some patients, multiple dilutions of the blood 
serum are required during the assay measurements. Thus, the time it takes to perform 
an analysis will be longer and the cost higher. Laboratory CV about 10 % between series 
is higher compared to urea (about 3,2 %). However, despite this variability, the CV was 
within the allowed range by the manufacturer (Product information: Siemens Healthcare 
Diagnostics Inc., Erlangen, Germany) and the results of the study are trustworthy. 

The experiments described in Publication II were aimed to develop a real-time, 
reagent-free methodology. The study demonstrated that UV-absorbance can detect the 
removal of both small molecular weight and middle molecular weight (marker) 
molecules such as urea and B2M as a reduction ratio. Although this is an indirect method, 
because originally the chromophores were measured, the elimination of these is similar 
to the elimination of urea and B2M. The results demonstrated that the estimated RR 
based on the UV absorption obtained is statistically comparable to the elimination of the 
urea and B2M assessed by the reference methods, especially at high convection 
modalities. 

In addition to the absorbance, another optical method, fluorescence, enables to 
detect further uremic toxins and improve the reliability and accuracy of the results 
obtained. 

6.3. Simultaneous removal assessment of marker molecules by UV 
absorbance and fluorescence (Publication III) 

The third paper describes the simultaneous evaluation of the elimination of marker 
molecules of three different groups of toxins at different modalities, low-flux 
hemodialysis (HD), high-flux hemodialysis (HF) and hemodiafiltration (HDF). Clinically 
relevant marker molecules that have also been described in previous studies, 
were selected, such as small molecule urea, medium molecule B2M, and protein-bound 
molecule IS. For the determination of urea and B2M, the standardized biochemical 
laboratory methods were used, just as previously, and for IS the HPLC method was used. 
In addition to the conventional UV-VIS detector, we also used a fluorescence detector 
connected to the HPLC which enabled us to identify the IS molecule optically. As in 
previous publications, optical measurements were performed at the same time as 
laboratory analyses. In summary, we were able to provide information on all three 
groups of classical uremic toxins simultaneously. Optical measurements were performed 
over a wide measuring range, UV absorbance was measured at 190–380 nm and 
fluorescence analysis was performed over an excitation (EX) wavelength range of 
220–500nm (increment 10nm) and emission (EM) wavelength range of 220–500nm 
(increment 1nm). The optical measurement data were compared to the concentrations 
obtained by the standardized laboratory methods and the wavelengths at which the 
results correlate better with the laboratory values were selected. Using multiple linear 
regression analysis, the models for the calculation of uremic solute concentrations were 
created based on the optical data (UV absorbance and fluorescence). This statistical 
method helped select the best wavelengths for predicting the concentrations of 
substances. For urea one wavelength (UV), 5 wavelengths (UV and Fluo) for B2M and 
6 suitable wavelengths (UV and Fluo) for IS were found using this modelling method. 
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In this study, a strong correlation between the optical measurements and the results 
obtained by laboratory analysis were demonstrated (in Publication III, Fig. 2). A good 
linear correlation was found in the dialysate results (in Publication III, Fig. 2, A-C), while 
the bias increases at higher concentrations. A good correlation was obtained by analysing 
urea concentration in the spent dialysate by biochemical and optical data modelling, 
mean + SD respectively 3.64 + 2.31 and 3.63 + 2.06 (Publication III; Supplement). 
Summary of the statistics for the marker solutes’ concentrations in spent dialysate 
measured chemically (D_lab) and estimated by the models using the optical 
measurements (D_OPT) is presented in Table 2. 

Table 2. Summary of the statistics for the marker solutes (Urea, IS, B2M) concentrations in spent 
dialysate measured chemically (D_lab) and estimated by the models using the optical 

measurements (D_OPT). 1R values are statistically different (p<0.05). 

 Min Max Mean     SD N R R² BIAS SE 
D_lab_Urea, 

mmol/L 
0.30 12.60

  
3.64  2.31 246     

D_opt_Urea, 
mmol/L 

0.71 12.27 3.63 2.06
  

246 0.89 0.79 0.00 1.06 

D_lab_IS, 
µmol/L 

0.36 16.96
  

  4.17 2.63 252     

D_opt_IS, 
µmol/L 

0.38 15.44 4.21 2.17 252 0.861 0.74 0.00 1.35 

D_lab_B2M, 
mg/L 

0.29 4.07 1.31  0.79 180     

D_opt_B2M, 
mg/L  

0.35 3.68 1.32 0.75 180 0.921

  
0.85 -0.01 0.30 

 
This has also been presented in earlier studies (Tomson et al., 2012, Uhlin et al., 2005) 

and can be explained by the physical properties of urea as a water-soluble low  
molecular weight uremic solute. Urea is very easily removed by dialysis and can be  
easily measured in a clinical laboratory using standardized methods. Because the CV for 
urea is relatively low (3.2 %), the experimental results can be considered sufficiently 
reliable. The clinical chemistry laboratory methods are considered as the “golden 
standard” because they have been validated carefully before being used. In case the 
results obtained by the optical method have good compatibility with the lab results,  
it confirms that the optical method has similar accuracy. This validation will ensure that 
the novel optical method that has not been validated earlier in clinical conditions has 
sufficient accuracy for the clinical parameters estimated. Measurement errors arise 
mainly due to pathophysiological differences in patients, their metabolic characteristics, 
the dialysis filter properties, differences in dialysis modalities, and the fact that the  
spent dialysates may have different compositions. 

The relative elimination of substances was evaluated by RR in this study in respect to 
different uremic solutes and dialysis modalities. The highest RR (%) was found for urea 
for all serum, dialysate and optical measurements. The lowest RR was for IS and was 
statistically different from urea RR and B2M RR for all modalities (p < 0.05). Although IS 
has a low molecular weight (251 Da) (Vanholder et al., 2003), its elimination from the 
blood is less effective because IS is partially bound to proteins and blocks them from 
moving freely through dialysis membranes. However, a much smaller free IS fraction can 
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be readily removed (Krieter et al., 2019). This is confirmed by the low RR for IS, 
being lower for serum than for dialysate. Therefore, the optical detection of IS in 
dialysate would be an important advancement in clinical practice. This study showed 
that IS elimination assessment is possible with the optical method. Also, the reliability 
of the optical method was evaluated in this study, presenting that serum and 
optical measurements have similar accuracy (BIAS < 8.1 %) for all three marker uremic 
toxins. 

As in previous studies, the RR values of B2M behave in a similar way to urea in 
the high convective treatment modality HDF and in a completely different way in 
the low convective treatment modality HD. Because of the very low concentration values 
of B2M in samples collected during HD treatments, it was not possible to estimate RR 
for B2M (in Publication III, Fig. 3 and Table 3). The average RR (%) values, accuracy 
(BIAS ± SE) and correlation coefficient (R) between the indicated methods are given in 
Table 3.  

Table 3. The average RR (%) values, accuracy (BIAS ± SE) and correlation coefficient (R) 
between the indicated methods. S_lab and D_lab - serum and spent dialysate measured 

chemically, D_opt - dialysate measured optically. 
1 No HD treatments were included for B2M. 2 R values are statistically different (p<0.05). 

RR, % Accuracy (RR) R (RR) 
S_lab D_lab  D_opt S_lab 

vs  
D_lab   

S_lab  
vs  

D_opt 

D_lab 
vs 

D_opt 

S_lab 
vs 

D_lab   

S_lab 
vs 

D_opt 

D_lab 
vs 

D_opt 
Urea 

(N=40) 
75.3 ± 
  8.0 

73.3 ± 
  8.8 

73.3 ± 
7.3 

2.0 ± 
3.2 

1.9 ± 
4.0 

0.0 ± 
4.8 

0.9322 0.863 0.8332 

B2M1 
(N=30) 

73.1 ± 
  9.1 

72.0 ± 
  8.8 

75.0 ± 
6.5 

1.1 ±  
4.2 

-1.8 ±
7.8

2.9 ± 
6.8 

0.891 0.576 0.650 

IS 
(N=39) 

43.5 ± 
13.8 

55.6 ± 
  9.5 

51.6 ± 
  11.0 

-11.9 ±        
8.9

-8.1 ±
9.9

3.3 ± 
5.2 

0.761 0.7022 0.8672 

In addition to RR, the total removed solute (TRS) value was calculated. The TRS results 
were also treatment-modality-dependent (in Publication III, Fig. 4), having the lowest 
values for HD and the highest for HDF. TRS for B2M for the HD treatment could not 
be calculated because the concentration of B2M in the spent dialysate was below 
detection limits. No significant differences in TRS values were found for the urea between 
the modalities (in Publication III, Fig. 4).  

Generally, there was a good correspondence between clinical laboratory and 
optically assessed TRS values and the data displayed strong linear correlation. 
R was 0.727 for urea, 0.804 for B2M and 0.971 for IS. Accuracy for TRS values as 
BIAS ± standard error (SE), comparing lab vs. opt, showed no statistical difference for any 
of the observed uremic solutes (P > 0.05). 

In conclusion, RR and TRS values are modality-dependent, and with HDF it is possible 
to achieve the maximum elimination of different substances. The accuracy of the optical 
method is not influenced by the dialysis modality (HD, HF and HDF).  
Various experiments have shown good correlation and reliability of the optical method 
in comparison to biochemical standardized methods and HPLC methods. The advantages 
of the optical method over laboratory methods are as follows: (1) the optical 
measurements are fast and on-line; (2) it is not necessary to collect serum samples; 
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(3) a sensor can be connected directly to the dialysate outlet of a dialysis machine 
without disturbing the treatment.  

Optical methods make it possible to monitor the elimination of uremic solutes from 
the patient’s body during each dialysis treatment session. The estimated amount of 
uremic toxins removed can be presented on a screen of a dialysis on-line monitor.  
Simple methods that are easy to use and require no special requirements are preferred 
in everyday clinical practice. The optical on-line monitoring system, under development, 
will hopefully enable clinicians to evaluate the quality of dialysis treatment daily and 
make decisions with less effort. 
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Conclusion 
In conclusion, this thesis demonstrated that it is possible to use optical methods for 
elimination assessment of marker molecules of three different groups of uremic toxins 
(SM, MM, PB) at different dialysis modalities (HD, HF, HDF). The thesis focuses on the 
comparison of the results from clinical laboratory and using novel optical methods, which 
has not been investigated before. 
 
The main results of the thesis are as follows: 

• On-line UV absorbance at 280 nm behaves more like a small water-soluble,  
non-protein-bound solute (0.873<R>0.890) than a small protein-bound solute 
(0.478<R<0.568). The main solute responsible for UV absorbance (280 nm) is a 
compound UA. 

• The removal of IS (RR<50%) from a patient’s body by conventional hemodialysis 
using low-flux and high-flux membranes is slower than the removal of small 
water-soluble substances urea, creatinine, and uric acid, and the protein-bound 
solute HA (RR>50%). The reduction ratio is similar for small and MM uremic 
retention solutes in case of dialysis modality with the highest convective 
transport (HDF) and the agreement is poor when using the HD. 

• Spectrophotometric and fluorometric monitoring demonstrated the ability to 
determine the concentration values for markers of three groups of uremic 
toxins (SM, MM, PB) in the spent dialysate (R≥0.86).  

• Good agreement between chemically and optically estimated solute removal 
parameters, RR (mean accuracy as BIAS ≤8.1%) and total removed solute  
(R from 0.727 for urea to 0.971 for IS), was achieved. The accuracy of the optical 
method is not influenced by the dialysis modality (HD, HF and HDF). 

• All results from the optical method were compared to the carefully validated 
clinical chemistry laboratory methods, considered as the “golden standard”. 
Laboratory CV values were in the range of acceptable limits (CV<10%), ensuring 
trustworthy study results. Measurement errors can still arise due to other 
factors (e.g. pathophysiological differences in patients). 
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Abstract 

Elimination of Uremic Toxins during Dialysis assessed with 
the Optical and Analytical Methods 
The kidneys have many functions, whereas one of the primary functions is to purify the 
blood from waste products. If kidneys are damaged and their function fails, an excessive 
amount of water and waste products accumulate in the blood and the body. These waste 
products can become toxic if not removed from the body. Therefore, these substances 
are also called uremic toxins. Dialysis treatment is used for the artificial elimination of 
these toxins. It is important to monitor the elimination of these toxins to ensure the 
patient’s quality of life. So far, a urea-based dialysis efficiency parameter, Kt/V, is mostly 
assessed. Also, blood levels of other low molecular substances, such as creatinine and 
uric acid, are measured periodically. However, a long list of uremic toxins which may 
affect the patient’s survival has been identified, including middle molecules (MM) and 
protein-bound solutes (PBS). Assessment of dialysis quality should be simple and usable 
in daily practice, but concentrations of all these substances cannot be determined in a 
clinical laboratory due to missing technology or expensive analytical methods. 

The aim of this thesis was to investigate the removal of uremic toxins by different 
dialysis modalities using optical measurements in spent dialysate and compare the 
results to analytical laboratory methods. The dialysis efficiency parameters, reduction 
ratio (RR) and total removed solute (TRS), were used for comparison. It was found that 
the UV absorbance at a wavelength of 280 nm estimates mainly the elimination of lower 
molecular water-soluble molecules, such as uric acid (UA), confirming the results 
reported in earlier studies. In addition, it was found that the elimination of protein-bound 
solute indoxyl sulphate (IS) was slower than the elimination of the water-soluble 
molecules. By evaluating the urea elimination rate with UV absorbance at 297 nm, a 
sufficiently good measurement accuracy was obtained for all modalities. However, RR 
estimation with UV absorbance for middle molecules (MM) is reliable only using the high 
convection modality, HDF. The elimination for MM is low with the conventional 
hemodialysis (HD).  

In addition to spectrophotometric method, the fluorometric monitoring was used to 
investigate the elimination of marker molecules in all three toxin groups (SM, MM, PB). 
A good agreement between the laboratory and optical results was found by evaluating 
RR (BIAS ≤ 8.1%) and TRS. The accuracy of the optical method is not affected by different 
modalities. The results of the optical measurements were compared to the results of 
standardized laboratory methods (CV<10%) ensuring the reliability of the optical 
measurement results.  

In conclusion, the optical methods and the results presented in this thesis promote 
further applications for monitoring elimination of uremic toxins and development of 
innovative technologies for assessing the quality of dialysis. 
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Lühikokkuvõte 

Ureemiliste toksiinide elimineerimise hindamine dialüüsravil 
optiliste ja analüütiliste meetoditega 
Inimese neerud täidavad eri funktsioone, kuid peamine neist on vere puhastamine 
organismis leiduvatest jääkainetest. Kui neerud on kahjustatud ja nende funktsioon ei 
toimi, koguneb verre ja kehasse liigne kogus vett ja jääkaineid, mis võivad muutuda 
toksiliseks, kui neid kehast ei väljutata. Seetõttu nimetatakse neid aineid ka ureemilisteks 
toksiinideks. Dialüüsravi kasutatakse nende toksiinide kunstlikuks eemaldamiseks. 
Patsiendi elukvaliteedi tagamiseks on oluline jälgida nende toksiinide eemaldamist. Seni 
on kasutatud uureal põhinevat dialüüsi efektiivsuse parameetri, Kt/V hindamist. Samuti 
mõõdetakse perioodiliselt ka teiste madalamolekulaarsete ainete, kreatiniini ja 
kusihappe sisaldust veres. Kuid on kindlaks tehtud pikk loend ureemilisi toksiine, mis 
võivad mõjutada patsiendi elulemust. Nende hulka kuuluvad ka keskmise 
molekulmassiga (MM) ja valkudega seotud (PB) molekulid. Dialüüsi kvaliteedi hindamine 
peaks olema lihtne ja igapäevases praktikas kasutatav, kuid nende kõigi ainete 
kontsentratsioone ei saa kliinilises laboris määrata puuduva tehnoloogia või kallite 
analüüsimeetodite tõttu. 

Doktoritöö eesmärk oli uurida eri omaduste ja suurusega molekulide eemaldamist eri 
dialüüsi modaliteetidega, kasutades heitdialüsaadi optilist mõõtmist, ja võrrelda neid 
analüütiliste laborimeetoditega saadud tulemustega. Võrdlemiseks kasutati dialüüsi 
efektiivsuse parameetreid elimineerimise määr (RR) ja kogu elimineeritud aine hulk 
(TRS). Töö tulemusena leiti, et lainepikkusel 280 nm saab UV-neelduvusega hinnata 
peamiselt madalamolekulaarsete veeslahustuvate molekulide, näiteks kusihappe (UA), 
elimineerimist, mis kinnitab varasemates uuringutes esitatud tulemusi. Lisaks leiti, et 
valkudega seotud indoksüülsulfaadi (IS) elimineerimine oli aeglasem kui veeslahustuvate 
molekulide puhul. Hinnates uurea elimineerimise kiirust UV-neelduvusega lainepikkusel 
297 nm, saadi piisavalt hea mõõtetäpsus kõigi modaalsuste jaoks. Kuid RR hindamine  
UV-neelduvuse põhjal on usaldusväärne keskmiste molekulide (MM) jaoks ainult  
kõrge konvektsiooniga modaalsuse (HDF) puhul. MM elimineerimine HD juures on 
madal. 

Lisaks spektrofotomeetrilisele meetodile kasutati ka fluoromeetrilist uuringut, et 
uurida kõigi kolme toksiinide grupi (SM, MM, PB) markerainete elimineerimist.  
Hea kokkulangevus laboratoorsete ja optiliste tulemuste vahel leiti hinnates RR-i  
(BIAS ≤ 8.1%) ja TRS-i. Eri modaliteedid ei mõjuta optilise meetodi täpsust. Optiliselt 
mõõdetud tulemusi võrreldi standardsete laboratoorsete meetoditega (CV<10%), 
tagades sellega optiliste mõõtmistulemuste usaldusväärsuse. 

Kokkuvõtteks võib öelda, et optilised meetodid ja selles lõputöös esitatud tulemused 
on eelduseks optiliseks ureemiliste toksiinide kõrvaldamise jälgimiseks ja innovaatiliste 
tehnoloogiate väljatöötamiseks dialüüsi kvaliteedi hindamiseks. 
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Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 

Lauri, K., Tanner, R., Jerotskaja, J., Luman, M., & Fridolin, I. (2010). HPLC study of uremic 
fluids related to optical dialysis adequacy monitoring. Int J Artif Organs, 33(2): 96–104 
(DOI: 10.1371/journal.pone.0162346). 
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Curriculum vitae 
Personal data 

Name:     Kai Lauri 
Date of birth:     01.08.1972 
Place of birth:   Estonia 
Citizenship:     Estonia 

Contact data 
E-mail:     kai.lauri@mail.ee 

Education 
2006 – …    Tallinn University of Technology – PhD 
2004 – 2006   Tallinn University of Technology, Biomedical Engineering, Faculty of 

Information Technology, MSc 
1990 – 1994     University of Tartu, Faculty of Physics and Chemistry, Chemistry, BSc 
1987 – 1990      Põlva High school, Secondary education 

Language competence 
English      Higher intermediate 
Russian      Intermediate 
German      Beginner 
Finnish      Beginner  

Professional employment 
2005 – …           SYNLAB Eesti OÜ, Quality Manager  

1999 – 2005     The North Estonia Medical Centre, Laboratory Specialist  

1994 – 1998     AS Tartu Terminaal, Head of Laboratory 
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Elulookirjeldus 
Isikuandmed 

Nimi:    Kai Lauri 
Sünniaeg:   01.08.1972 
Sünnikoht:   Eesti 
Kodakondsus: Eesti 

Kontaktandmed 
E-post:   kai.lauri@mail.ee 

Hariduskäik 
2006 – ...         Tallinna Tehnikaülikool – PhD 
2004 – 2006   Tallinna Tehnikaülikool, Elektroonika ja Biomeditsiinitehnika, MSc 
1990 – 1994   Tartu Ülikool, Füüsika-Keemia teaduskond, Keemia, BSc 
1987 – 1990   Põlva Keskkool 

Keelteoskus 
Inglise keel     Kõrgem kesktase 
Vene keel       Kesktase 
Saksa keel      Algtase 
Soome keel    Algtase 

Teenistuskäik 
2005 – ...  SYNLAB Eesti OÜ, Kvaliteedijuht 

1999 – 2005  Põhja-Eesti Regionaalhaigla SA, Laborispetsialist 

1994 – 1998  AS Tartu Terminaal, Laboratooriumi juhataja 
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