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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 | 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 Il and il 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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Abs
BIAS
BUN
B2M
CR
cv
CKD
Da
EBPG
ESRD
EUTox
GFR
HA
HD
HDF
HF
HPLC
IS
Kt/V
MM
MS
MW
NKF KDOQI
P

PB

R

RR
SD
SE
SM
TRS
UA
UR
URR
uv

\"

absorbance

bias (accuracy)

blood urea nitrogen
beta-2-microglobulin

creatinine

coefficient of variation

chronic kidney disease

dalton, unit for molecular weight
European Best Practice Guidelines
end-stage renal disease

European Uremic Toxin Work Group
glomerular filtration rate

hippuric acid

hemodialysis

hemodiafiltration

high-flux hemodialysis
high-performance liquid chromatography
indoxyl sulphate

dialysis dose efficacy parameter
middle molecule

mass spectrometry

molecular weight

National Kidney Foundation guideline
phosphate

protein-bound

correlation coefficient

reduction ratio

standard deviation

standard error

small molecule

total removed solute

uric acid

urea

urea reduction ratio

ultraviolet light

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 KDOQ).

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 m2and 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 m? 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.

b) c)

Substitution Substitution

solution solution

postdilution = m postdilution —
‘ Dialysis fluid

flow

|

Ultrafiltrate | Ultrafiltrate
I
1
I
1
I

Substitutionl . Substitution -

solution ‘L solution q-

- predilution predilution
Blood flow Blood flow Blood flow

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 = -In (1 - URR) (2)

where K is the dialyzer clearance of urea, t is the dialysis time or session length, and Vis
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):
e 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;
e middle molecules (MM) with MW >500 Da, e.g. beta-2-microglobulin (B2M)
with MW=11 818 Da;
e 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 [umol/L]. The colour intensity is measured
photometrically at a wavelength of 505 nm. Reaction equation (Product information:
Hitachi 912 autoanalyzer, Roche, Switzerland):

. L. . alkaline solution . L. .
creatinine + picric acid 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 (H202). 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 [umol/L] of
uric acid in the sample. Reaction equation (Product information: Hitachi 912
autoanalyzer, Roche, Switzerland):

. . uricase .
uric acid + 2 H,0 + 0, —— > allantoin + CO2 + H20:

POD
2 H202 + 4-aminophenazone + DHBS ——— quinone-diimine dye + 4 H.0

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 [umol/1] in the sample. Reaction equation (Product information:
Siemens Healthcare Diagnostics Inc., Erlangen, Germany):

urease .
urea + HLO ——— 2 ammonia + CO2

i glutamate dehydrogenase
ammonia + NADH + a—ketoglutarate glutamate + NAD + H,0
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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 + H2S04+ 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.

HPLC PUMP HPLC column

-t
=]

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.

Solution
. . cell o
Incident light o Passing light |
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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:

A =logq lTO = eCd (4)

where:

A — absorbance;

| —the intensity of light passed through a solution;

lo—the intensity of incident light;

€ — molecular extinction coefficient, shows the absorption of a 1 molar solution of the
test substance at a wavelength of A 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.
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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.
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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 | Publication Il Publication IlI
Total number of 10 (7/3) 7 (3/4) 10 (5/5)
patients
(Male/Female)
Mean age + SD 62.6 £ 18.6 58.1+8.7 59.1£15.0
Number of 30 28 40
sessions

Dialysis machine

Fresenius 4008H

Fresenius 5008

Fresenius 5008

sampling time

beginning and at
the end of a session
(210 or 240 min)

Dialyzers F8 HPS (HD) FX8 (HD) FX8 (HD)
F10 HPS (HD) FX1000 (HF, HDF) | FX1000 (HF, HDF)
FX 80 (HF)

Dialysate flow 500 500-800 500-800
ml/min

Blood flow 245-350 300-350 300-350
ml/min

Dialysate 10 min from the 7 to 10 min from 10, 60, 120 min

the beginning and
atthe end of a
session (180 or 240
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




The schematic clinical set-up, sample collection, and analysis are shown in Figure 5.
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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
(O0IBase32, version 2.0.2.2 for Windows).

In Publications Il and Il 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 1ll) 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. 22° 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 | and IIl) 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 Ill: 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 | 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 Il and lll the urea and beta-2-microglobulin (B2M) concentration
measurements in serum and dialysate samples were performed at the clinical chemistry
laboratory SYNLAB Eesti OU (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.
_ Co-Ct

RR =22"%x100% (5)

Co

where Co is a serum sample before and C: 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 Co and Ct, respectively. In the case of optical measurements,
Co 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:

TRS = Cp X Wy (6)

where Cr is the total substance concentration in the dialysate collection tank and Wr 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:

N .
BIAS = Zi=14 (7)
N

where e; 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:

N — 2
SE = /—Zm(fvl_f’“) (8)

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

In Publication Il 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 | 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 I1)

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 Il, 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 |,
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 Il 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 Ill)

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 Ill, Fig. 2). A good
linear correlation was found in the dialysate results (in Publication Ill, 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 Ill; 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 R? BIAS SE
D lab_Urea, | 0.30 | 12.60 | 3.64 | 2.31 | 246
mmol/L
D _opt_Urea, | 0.71 | 12.27 3.63 2.06 | 246 0.89 0.79 | 0.00 | 1.06
mmol/L
Dlab s, | 0361696 | 4.17 | 2.63 | 252
pumol/L
D_opt_IS, 0.38 | 15.44 4.21 2.17 | 252 | 0.86' | 0.74 | 0.00 | 1.35
umol/L
D_lab_B2M, | 0.29 4.07 1.31 0.79 | 180
mg/L
D_opt_B2M, | 0.35 3.68 1.32 0.75 | 180 | 0.92' | 0.85 | -0.01 | 0.30
mg/L

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 1ll, 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 | S lab | D_lab | S_lab | S_lab | D_lab
Vs Vs Vs Vs 'S Vs

D_lab | D_opt | D_opt | D_lab | D_opt | D_opt
Urea |75.3+|733+|733+| 20+ | 19+ | 0.0+ | 0.932%| 0.863 | 0.833?
(N=40) | 8.0 8.8 7.3 3.2 4.0 4.8
B2m! | 73.1+| 72.0+| 75.0+ | 1.1+| -1.8+ | 29+ | 0.891 | 0.576 | 0.650
(N=30) | 9.1 8.8 6.5 4.2 7.8 6.8
IS 4354|556+ | 51.6+ |-11.9+| -8.1+ | 3.3+ | 0.761 | 0.7022 | 0.867°
(N=39) | 13.8 9.5 11.0 8.9 9.9 5.2

In addition to RR, the total removed solute (TRS) value was calculated. The TRS results
were also treatment-modality-dependent (in Publication Ill, 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 lll, 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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Lihikokkuvote

Ureemiliste toksiinide elimineerimise hindamine dialtitisravil

optiliste ja analiiiitiliste meetoditega

Inimese neerud tdidavad eri funktsioone, kuid peamine neist on vere puhastamine
organismis leiduvatest jadkainetest. Kui neerud on kahjustatud ja nende funktsioon ei
toimi, koguneb verre ja kehasse liigne kogus vett ja jadkaineid, mis vdivad muutuda
toksiliseks, kui neid kehast ei valjutata. Seetdttu nimetatakse neid aineid ka ureemilisteks
toksiinideks. Dialttsravi kasutatakse nende toksiinide kunstlikuks eemaldamiseks.
Patsiendi elukvaliteedi tagamiseks on oluline jalgida nende toksiinide eemaldamist. Seni
on kasutatud uureal péhinevat dialGisi efektiivsuse parameetri, Kt/V hindamist. Samuti
moddetakse perioodiliselt ka teiste madalamolekulaarsete ainete, kreatiniini ja
kusihappe sisaldust veres. Kuid on kindlaks tehtud pikk loend ureemilisi toksiine, mis
voivad mdojutada patsiendi elulemust. Nende hulka kuuluvad ka keskmise
molekulmassiga (MM) ja valkudega seotud (PB) molekulid. Diallilsi kvaliteedi hindamine
peaks olema lihtne ja igapdevases praktikas kasutatav, kuid nende kdigi ainete
kontsentratsioone ei saa kliinilises laboris maarata puuduva tehnoloogia voi kallite
analtisimeetodite tottu.

Doktorito6 eesmark oli uurida eri omaduste ja suurusega molekulide eemaldamist eri
dialtilisi modaliteetidega, kasutades heitdiallisaadi optilist md6tmist, ja vorrelda neid
analtutiliste laborimeetoditega saadud tulemustega. V&rdlemiseks kasutati dialtiusi
efektiivsuse parameetreid elimineerimise maar (RR) ja kogu elimineeritud aine hulk
(TRS). Too tulemusena leiti, et lainepikkusel 280 nm saab UV-neelduvusega hinnata
peamiselt madalamolekulaarsete veeslahustuvate molekulide, naiteks kusihappe (UA),
elimineerimist, mis kinnitab varasemates uuringutes esitatud tulemusi. Lisaks leiti, et
valkudega seotud indoksiiilsulfaadi (IS) elimineerimine oli aeglasem kui veeslahustuvate
molekulide puhul. Hinnates uurea elimineerimise kiirust UV-neelduvusega lainepikkusel
297 nm, saadi piisavalt hea mddtetdpsus kdigi modaalsuste jaoks. Kuid RR hindamine
UV-neelduvuse pdhjal on usaldusvdarne keskmiste molekulide (MM) jaoks ainult
kdrge konvektsiooniga modaalsuse (HDF) puhul. MM elimineerimine HD juures on
madal.

Lisaks spektrofotomeetrilisele meetodile kasutati ka fluoromeetrilist uuringut, et
uurida koigi 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 mdjuta optilise meetodi tdpsust. Optiliselt
moddetud tulemusi vorreldi standardsete laboratoorsete meetoditega (CV<10%),
tagades sellega optiliste mddtmistulemuste usaldusvdarsuse.

Kokkuvotteks voib 6elda, et optilised meetodid ja selles I6putdos esitatud tulemused
on eelduseks optiliseks ureemiliste toksiinide kdrvaldamise jalgimiseks ja innovaatiliste
tehnoloogiate viljatootamiseks diallilsi kvaliteedi hindamiseks.
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ABSTRACT: Purpose: The aim of this study was to investigate uremia-related high-performance
liquid chromatography (HPLC) ultraviolet (UV) absorbance profiles of serum and spent dialysate and to
study the removal of uremic retention solutes in connection with optical dialysis adequacy monitoring.
Methods: 70 uremic patients were investigated using online spectrophotometry at a wavelength of
280 nm over the course of 30 hemodialysis treatments. The dialysate and blood samples were taken
and analyzed simultaneously using standard biochemical methods and reversed-phase HPLC. Filters
with cutoff at 3 kDa and 70 kDa were used for the pre-treatment of the serum. The chromatographic
peaks were detected by a UV detector at wavelengths of 254 and 280 nm.

Results: This study indicated that the main solute responsible for UV absorbance in the spent dialysate
is a low-molecular-weight, water-soluble, non-protein-bound compound uric acid (UA). Three addi-
tional uremic retention solutes — creatinine (CR), indoxyl sulphate (IS) and hippuric acid (HA) — were
identified from the HPLC profiles. The number of detected HPLC peaks was not significantly different
for a serum filtered through the 3 kDa or 70 kDa cutoff filters, and was lower for the spent dialysate,
indicating that the molecular weight (MW) of the main UV chromophores in the uremic fluids did not
exceed 3 kDa. The reduction ratio (RR) estimated by the total area of HPLC peaks at 254 nm and 280
nm in the serum and by the online UV absorbance at 280 nm was best related to the removal of small
water-soluble non-protein bound solutes like urea (UR), CR and UA.

Conclusions: The present study contributes new information on the removal of uremic retention sol-
utes during hemodialysis and on the origin of the optical dialysis adequacy monitoring signal. (Int J
Artif Organs 2010; 33: 96-104)

KEY WORDS: Hemodialysis, HPLC, Uremic toxins, Ultraviolet spectrophotometry, Monitoring

INTRODUCTION

Uremic toxicity or the uremic syndrome is described as
a clinical picture resulting from impaired renal elimination
and accumulation of uremic toxins in the body. To date,
a long list of possible uremic toxins have been identified
that are believed to be responsible for the multifactorial
and cumulative cause of uremic toxicity (1, 2). A deeper
understanding about the accumulation and removal me-
chanisms of the retained solutes during care of renal insuf-
ficiency is thus necessary (3, 4). This understanding would
be especially informative for predicting the mode of action

of uremic toxins and their specific role in complications as-
sociated with dialysis or uremia, but also with regard to
cardiovascular disease and inflammation (5, 6). It would
also allow the methods contributing to the identification,
characterization, and evaluation of uremic retention solu-
tes to be assessed in order to ensure dialysis adequacy
and quality (7).

Reversed-phase high-performance liquid chromatogra-
phy (HPLC) is recommended as a sensitive, accurate and
reproducible tool applicable to the separation of different
compounds in aqueous samples (8). Earlier HPLC studies
aimed to examine the behavior of non-protein-bound and
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Fig. 1 - Typical online absorbance curve during a single hemodialy-
sis treatment with UV absorbance at wavelength 280 nm is plotted
against time. Time points when the samples were taken for the later
analysis are as follows: D, , - dialysate sample collected 10 min after
the start of hemodialysis, D, .- dialysate sample collected at the end
of hemodialysis, B, - blood sample collected before dialysis ses-
sion, B, , - blood sample collected at the end of hemodialysis.

protein-bound uremic solutes (9, 10). The serum is often
analyzed by HPLC studies, but the dialysate, which may
be a preferred alternative to continuous monitoring of so-
lute removal and adequacy for dialysis, has not been the
subject of research to the same extent.

With the aim of continuously monitoring a single hemo-
dialysis session, spectrophotometrical sensors for online
monitoring of total UV absorbance or UR in the spent di-
alysate have recently been introduced (11-14). Findings
showing a good correlation between the UV absorbance
measured in the spent dialysate and the concentration
of several solutes, both in the spent dialysate and in the
blood of dialysis patients, have previously been presented
(11, 15). UV extinction as an indicator of nucleic acid me-
tabolism has also been discussed (16). The cumulative and
integrated UV absorbance measured in the spent dialysate
due to the contribution of different chromophore com-
pounds indicates the potential for the technique to be used
for estimating the removal of uremic solutes. However, the
question of which main chromophores are responsible for
the UV absorbance in the spent dialysate according to the
classification of uremic solutes remained.

The aim of this study was thus to investigate uremic syn-

drome-related HPLC UV absorbance profiles of the serum
and spent dialysate and to study the removal of uremic
retention solutes in connection with optical dialysis ade-
quacy monitoring.

MATERIALS AND METHODS

Clinical study

This study was performed after the protocol was ap-
proved by the Tallinn Medical Research Ethics Committee
at the National Institute for Health Development, Estonia.
Informed consent was obtained from all participating pa-
tients.

Ten uremic patients, three females and seven males,
mean age 62.6 + 18.6 years, on chronic three-time weekly
hemodialysis were included in the study at the Department
of Dialysis and Nephrology, North Estonia Medical Centre.
Measurements were performed on collected dialysate and
blood samples and online (17). Three different polysulpho-
ne dialyzers were used (Fresenius Medical Care, Bad Hom-
burg, Germany): a low-flux (LF) membrane dialyzer F8 HPS
(N=14) with an effective membrane area of 1.8 m? and an
ultrafiltration (UF) coefficient of 18 ml/h x mmHg, LF mem-
brane dialyzer F10 HPS (N=3) with an effective membrane
area of 2.2 m?, a UF coefficient of 21 ml/h x mmHg, and
a high-flux (HF) membrane dialyzer FX 80 (N=13) with an
effective membrane area of 1.8 m?, and a UF coefficient of
59 ml/h x mmHg.

The dialysate flow was 500 ml/min and the blood flow
varied between 245 to 350 ml/min. The dialysis machine
used was the Fresenius 4008H (Fresenius Medical Care).

All treatments were monitored optically by a spectropho-
tometer (HR2000, Ocean Optics, Inc., Dunedin, FL, USA)
which was used to determine UV absorbance. The devi-
ce was provided with a specially designed optical cuvette
connected to the fluid outlet of the dialysis machine which
all the spent dialysate passed through during the online ex-
periments. 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 Ocean Optics software (OOI-
Base32, version 2.0.2.2 for Windows).

Figure 1 shows a typical online absorbance curve during
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Fig. 2 - Block diagram of blood
and dialysate sample collection

Samples collection; at the start
and at the end of the dialysis session
|
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a single hemodialysis treatment where UV absorbance at
wavelength 280 nm is plotted against time. UV absorbance
troughs and peaks during the dialysis correspond to the
self-tests in the dialysis machine when the dialyzer is in the
by-pass mode.

Blood and dialysate samples were obtained from dialysis
patients. Blood samples were drawn before the start of di-
alysis treatment (B_) and immediately after the treatment
(B, (Fig. 1) using the slow flow/stop pump sampling tech-
nigue. Blood was sampled into a BD Vacutainer® Glass Se-
rum Tube (red cup, Becton Dickinson, New Jersey, USA)
and was allowed to clot. After centrifugation at 3000 rpm
the serum was separated from the blood cells.

Dialysate samples were taken 10 minutes after the start
of the dialysis session (D, ), and immediately before the
end of dialysis (D_ ) (210 or 240 min). Also, pure dialysate
used as the reference solution was collected before each
dialysis session when the dialysis machine was prepared
and the conductivity was stable. Figure 2 presents a block
diagram of blood and dialysate sample collection as well
as how they were handled.

Biochemical analyses

The serum and the dialysate samples were analyzed
immediately at the Clinical Chemistry Laboratory, North
Estonia Medical Centre. Creatinine (CR, MW=113.12 Da),
uric acid (UA, MW=168.11 Da), urea (UR, MW=60.06 Da)
and phosphate (P, MW=96.17 Da) were measured with a

Hitachi 912 autoanalyzer (Roche, Rotkreuz, Switzerland).
The coefficient variation (CV) of the methods used for the
determination of different solutes in dialysate and blood
were CR 5%, UA 2%, UR 4%, and P 2%.

Sample preparation for HPLC analysis

Before the HPLC analysis, the serum samples were puri-
fied of proteins by centrifuging with Microcon centrifugal
filters (Millipore, Billerica, MA, USA) at room temperature.
Two different filters were compared during the study: the
YM-3 filter (3 kDa cutoff, Yellow Base), and the YM-100 fil-
ter (70 kDa cutoff, Blue Base). The dialysate samples were
acidified down to pH 4.0 with formic acid for conforma-
tion with the pH of the chromatographic eluent used. The
sample size of 100 pL for the dialysate and the serum end
sample, and 50 pL for the serum start sample, were used
for chromatographic separation.

Reversed-phase HPLC study

The HPLC system consisted of a quaternary gradient
pump unit, a column oven, and a diode array spectropho-
tometric 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 security guard KJO-4282 from Phenomenex
(Torrance, CA, USA). The eluent was mixed with 0.05 M
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Fig. 3 - Characteristic HPLC profiles of the serum (filter cutoff: 3
kDa) monitored at the different wavelengths. Blood samples were
collected before the dialysis session (B, ) and monitored at wave-
lengths of 254 nm and 280 nm. Detected HPLC peaks- uremic tox-
ins: 1. creatinine (CR), 2. uric acid (UA), 3. indoxyl sulphate (1S), 4.
hippuric acid (HA).

TABLE | - ELUTION PROGRAM USED FOR HPLC SEPARA-
TION OF CONSTITUENTS IN THE UREMIC FLUIDS

Step Time Buffer Methanol Acetonitrile  Gradient
(MIN) (A) % (B) % ©) %

0 0 100 0 0 -

1 30 60 36 4 Linear
2 5 10 81 9 Linear
3 4 10 81 9 No grad
4 1 10 0 90 Linear
5 6 10 0 90 No grad

formic acid adjusted to pH 4.0 with ammonium hydroxide
(A), HPLC grade methanol (B) and HPLC-S grade acetoni-
trile (C), all from Rathburn (Walkerburn, Scotland), with a
six step gradient program as specified in Table I.

The total flow rate of 1 ml/min was used continuously
and the column temperature was adjusted to 30°C. The UV
absorbance was monitored at 280 nm with a measurement
interval of 880 ms, spectra registered between 200 nm and
400 nm with a time interval of 1.76 seconds, and data was
processed, respectively, by means of Turbochrom WS and
Turboscan 200 software from Perkin Elmer (Waltham, MA,
USA). Spiking experiments and UV spectra between 200
nm and 400 nm allowed us to identify predominant uremic

toxins in four chromatographic peaks identified as CR, UA,
IS and HA (Fig. 3).

Data analysis

The reduction ratio (RR) (%) of compounds was defined
as a function of pre-dialysis concentration (C_ ) and con-

pre/
centration at the end of hemodialysis (C_):

C.,. -C
RR =P Pt 100% )]
C pre
C ,.and C  were replaced by TA HPLC | and TA
HPLC representing the total area of the HPLC peaks

post
measured at the start, and the end samples for RR from

HPLGC, respectively.

Results are presented as mean + standard deviation
(SD). Student’s t-test was used to compare groups of val-
ues while p value less than 0.05 was considered signifi-
cant. Pearson’s correlation coefficient (r) between the UV
absorbance from HPLC and online monitoring versus con-
centration of the substances in the blood was investigated.
Samples taken at times coinciding with the self-tests or
alarms of the dialysis machine were excluded (3 out of 60
dialysate samples). Some sessions were excluded due to
the technical failure of the spectrophotometer (3 out of 30
sessions) and due to laboratory errors (3 out of 30 ses-
sions, 6 out of 30 sessions for P). The data analyses were
performed in Microsoft Excel 2003 (for Windows).

RESULTS

Figure 3 presents characteristic HPLC profiles of the se-
rum collected before the dialysis session (B, ), measured
at the wavelengths of 254 nm and 280 nm. A number of
higher prevalent peaks representing chromophore-uremic
toxins can be observed. Some HPLC peaks were identi-
fied, including 1. CR, 2. UA (the highest contribution), 3. IS,
4. HA. The absorption of most components is higher at 254
nm than at 280 nm.

Figure 4 presents characteristic HPLC profiles of the
spent dialysate collected 10 minutes after the start of the
hemodialysis (D) and at the end of the treatment (D_ ),
measured at 280 nm. The decrease in the height of the
peaks due to the solute removal is clearly seen.

The number of detected HPLC peaks in the serum and
dialysate (mean+SD) measured at 254 nm and 280 nm for
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Fig. 4 - Characteristic HPLC profiles of the spent dialysate moni-
tored at wavelength 280 nm; D, - dialysate sample collected 10
min after the start of hemodialysis, D, , - dialysate sample collected
at the end of hemodialysis. Detected HPLC peaks-uremic toxins: 1.
creatinine (CR), 2. uric acid (UA), 3. indoxyl sulphate (1S), 4. hippuric
acid (HA).

one session per patient is presented in Figure 5. Combi-
ning the results from the start and end samples there was
no significant difference between the results for serum fil-
tered through the 3 kDa or 70 kDa cutoff filters (p<0.05). In
comparison with the dialysate, a higher number of peaks
can be observed in the serum (p < 0.05). A higher number
of detected HPLC peaks in the spent dialysate and serum
was also observed at 254 nm than at 280 nm (p<0.05).

The LF (F8 HPS, F10 HPS) and HF (FX80) membranes
showed similar RR for every uremic solute. Combining
the results from the LF and HF membranes, three groups
were distinguished according to the average RR among
the studied solutes (Fig. 6): () “high RR” solutes (RR>60%)
including the classic marker UR, the small uremic toxin UA
and the protein—-bound toxin HA; (i) “medium RR” solutes
(50%<RR<60%), including the classic marker CR and the
protein-bound solute P, removed with intermediate effi-
ciency; (iii) “low RR” solute (RR<50%), the protein-bound
uremic toxin IS. A statistically dissimilar RR was found be-
tween the solutes of different groups, and while no statisti-
cally different RR was detected between the solutes of the
same group (p<0.05).

All UV absorbance-based RR values were higher than
the “low RR” solute IS. The RR of the TA HPLC at 280 nm
was no different from the “high RR” solutes (UR, UA and
HA), but was higher than the “medium RR” solutes (P and
CR). However, the RR of the TA HPLC at 254 nm and in

Fig. 5 - Number of detected HPLC peaks at wavelengths 254 nm
and 280 nm in serum (3 kDa and 70 kDa filter cutoffs, respectively)
and in dialysate.
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Fig. 6 - A comparison between the RR of hippuric acid (HA), urea
(UR), uric acid (UA), creatinine (CR), phosphate (P), indoxyl sulphate
(1S), total area RR of HPLC peaks in the serum (TA HPLC) at 254 nm
and 280 nm (3 kDa filter cutoff) and online RR of UV absorbance at
280 nm in the spent dialysate (online 280 nm). Significant differences
(p<0.05) are marked with an asterisk (*).

online measurements at 280 nm were comparable with
the “medium RR” solutes (P and CR) but were lower than
the “high RR” solutes (UR, UA, HA) and the TA HPLC at
280 nm.

The correlation coefficients between the RR from the to-
tal area of the HPLC peaks at 254 nm and at 280 nm, from
online monitoring at 280 nm, and the RR for the uremic
solutes in the serum are shown in Table Il. The number of
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dialysis sessions included was 25 for UA, 24 for CR, UR
and HA, 21 for IS, and 20 for P. If not given separately, the
significance level on results in Table Il was p < 0.01. A high
r value was obtained between small water-soluble non-
protein-bound molecules (UA, CR and UR) and UV absor-
bance in the spent dialysate and in the serum. Some differ-
ences regarding 254 nm and 280 nm can be observed. A
lower correlation was obtained for the small protein-bound
molecules HA and IS, and for at least partly protein-bound
molecule P.

DISCUSSION

This study investigated uremia-related HPLC UV absor-
bance profiles of the serum and spent dialysate and stud-
ied the removal of uremic retention solutes in connection
with optical dialysis adequacy monitoring.

The results indicated that: (i) the main solute responsible
for UV absorbance at 280 nm is a low-molecular-weight,
water-soluble, non-protein-bound compound UA,; (ii) three
additional uremic retention solutes — CR, IS and HA — were
identified from the HPLC profiles contributing to the UV
absorbance; (jii) the number of detected HPLC peaks was
not significantly different for the serum filtered with filters
with a cutoff at 3 kDa or 70 kDa, and was lower for the
spent dialysate, indicating that the MW of the main UV
chromophores in the uremic fluids did not exceed 3 kDa;
(iv) the intradialytic removal efficiency estimated by the to-
tal area of HPLC peaks at 254 nm and 280 nm in the serum
and online UV absorbance at 280 nm was best correlated

to the removal of small water-soluble non-protein-bound
solutes like UR, CR and UA and did not represent similarly
fine removal of small protein-bound solutes HA, IS and P;
(v) The LF (F8 HPS, F10 HPS) and HF (FX80) membranes
showed similar RR for all studied uremic solutes.

Figure 1 shows that UV absorbance decreases dur-
ing the session as the waste products are removed. This
demonstrates the possibility of continuously monitoring a
single hemodialysis session and of monitoring deviations
in dialyzer performance using the online monitor-based
UV absorbance. Moreover, the clinical dialysis adequacy
parameters (e.g., Kt/V) can be calculated from the online
curve (17).

A number of the higher prevalent peaks on the HPLC pro-
files of the spent dialysate (Figs. 3 and 4) indicate that there
exists a group of compounds, namely, UV chromophores,
which are the main cause of cumulative and integrated UV
absorbance. Several research groups have investigated
HPLC profiles of uremic fluids, both serum fractions (18)
and dialysate (19). This indicates that UV absorbance rep-
resents a bulk removal of the uremic retention solutes,
several of them uremic toxins. Variations in the number of
HPLC peaks depending on hemodialysis treatments (19)
as well as patients (20) have been demonstrated.

Among the compounds identified on our chromato-
grams, IS and HA are commonly considered to belong
to the group of small protein-bound uremic toxins (1).
We compared chromatograms of serum samples filtered
through the 3 kDa and the 70 kDa cutoff filters (Fig. 5) and
could not find any significant differences between the re-
sults, including peaks of both the IS and HA compounds.

TABLE Il - PEARSON CORRELATION COEFFICIENTS BETWEEN RR OF SMALL NON-PROTEIN-BOUND AND PROTEIN-

BOUND MOLECULES VS. RR OF UV ABSORBANCE

Small non-protein-bound molecules

Small protein-bound molecules

UR CR p HA IS

TA HPLC 254nm 0.811 0.812 0.755 0.441 0.734 0170
(p=0.052) (P=0.487)

TA HPLC 280nm 0.881 0.926 0.933 0.580 0.633 0.273
(P=0.273)

online A 280 nm 0.873 0.888 0.890 0.556 0.568 0.478
(p=0.017) (P=0.045)

The Pearson correlation coefficients between the RR for small non-protein-bound molecules urea (UR), creatinine (CR), uric acid (UA), small protein-bound molecules
phosphate (P), hippuric acid (HA) and indoxylsulphate (IS) in the serum vs. RR UV-absorbance from the total area of the HPLC peaks (TA HPLC) at 254 and 280 nm,
and from on-line monitoring at 280 nm (on-line A 280 nm). If not given separately, the significance level on results is P<0.01.
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This observation indicates that all main UV chromophores
in the serum are comparatively small molecules with MW
below 3 kDa. Also, the comparison proves that relatively
larger proteins, with MW over 70 kDa, must be involved in
binding the UV-absorbing uremic toxins in the serum. The
difference in the number of detected HPLC peaks at 254
nm and 280 nm (Figs. 3 and 5) arises due to characteristic
absorbing spectra of the UV chromophores. The absorp-
tion of many components is higher at the wavelength of
254 nm than at the wavelength of 280 nm. This confirms
the results obtained by the spectrophotometrical analysis
in this UV region (15).

The LF and HF membranes showed no difference in the
removal of the uremic solutes as observed earlier by Lesaf-
fer at al (21). Taking into account both the removal effi-
ciency (Fig. 6) and the correlation analysis (Tab. II), a differ-
ence can be observed in the relation of the UV absorbance
to small water-soluble non-protein-bound solutes and to
small protein-bound solutes.

The removal efficiency was highest (except for HA) and
the UV absorbance was best correlated to the removal of
the small water-soluble, non-protein-bound solutes UA,
CR and UR.

Removal of UA has the highest correlation for the UV
absorbance decrease at 280 nm both in the serum and in
the spent dialysate, but not at 254 nm in the serum (Tab. II).
The outcome can be explained by the higher contribution
of UA to UV absorbance compared to other chromophores
at 280 nm (Figs. 3 and 4) due to the higher millimolar ex-
tinction coefficient for UA (15). However, there are several
other strong contributions from other compounds beside
UA at 254 nm (e.g., CR), and therefore the correlation is
lower.

Removal of CR has the highest correlation with UV ab-
sorbance decrease at 280 nm in the serum and in the spent
dialysate, and relatively high correlation at 254 nm in the
serum (Table Il). The reason could be the similar removal
of CR and other chromophores absorbing 280 nm, where
CR does not contribute significantly to the UV absorbance
(Figs. 3 and 4). In contrast, a relatively large contribution
of CR to UV absorbance at 254 nm exists, as can be seen
from the millimolar extinction coefficients for CR (15).

Removal of UR is strongly related to the RR at 280 nm
both in the serum and in the spent dialysate, but less so at
254 nm in the serum. This means that a relatively good cor-
relation between the RR of UV absorbance and a particular
solute may be achieved when the removal rate of a non-

absorbing solute (such as UR) is similar to that of UV-ab-
sorbing substances during hemodialysis (e.g., UA). This is
also confirmed by a very good correlation between several
small molecular-weight waste products and the UV absor-
bance (11) and by similar concentration changes during di-
alysis for several azotemic markers (e.g., UR, CR, UA and
pseudouridine) (20). This makes it possible to estimate the
delivered dialysis dose in terms of Kt/V by monitoring the UV
absorbance in the spent dialysate online (17). The tendency
that the reduction of online UV-absorbance is lower than the
reduction of UR has been reported earlier (17), since the re-
duction ratio of UR is correlated to Kt/V (1).

Removal of small protein-bound solutes P, HA and IS
seems to be strongly molecule dependent. A higher re-
moval efficiency for HA compared to other protein-bound
solutes has been reported earlier (21, 22) and could be due
to its lower level of protein binding (21). A different bind-
ing of individual uremic retention solutes to serum proteins
may modify the percentage of concentration changes of
individual solutes in the course of hemodialytic treatment
(20), supported by observations of decreased drug/protein
interactions in uremic serum (10).

The correlation between the decrease in UV absorbance
and the removal of HA, IS and P is lower than a similar
correlation in the case of UR, CR and UA. This provides
support for the idea that UV absorbance originates mostly
from non-protein bound solutes, or chromophores. Simi-
larly, no correlations were observed for the LF membrane
between the removal of UR and the removal of HA and
IS (22). The lowest correlation was obtained between the
decrease of UV absorbance and removal of P and IS. The
reason, besides protein binding, may be that these com-
pounds have a distribution volume that is quite different
from that of small molecules. For example, since P is partly
protein-bound, it is deposited in large amounts in the bone
tissue (23).

The difference between the RR of the total area of
HPLC peaks and online UV absorbance at 280 nm can
be explained by the different number of detectable chro-
mophores in the serum and spent dialysate (Fig. 5). Also,
the fact that the serum was collected before the start of di-
alysis while the dialysate sample was collected 10 minutes
after the start may have had some effect. The difference in
RR at 254 nm and 280 nm depends at least partly on the
different number of detected HPLC peaks at those wave-
lengths (Figs. 3 and 5) due to the characteristic absorbing
spectra of the UV chromophores.
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In conclusion, UV absorbance behaves more like small
water-soluble, non-protein-bound solutes than small pro-
tein-bound solutes. Monitoring the removal of compounds
with different properties and elimination characteristics
during various dialysis strategies adds knowledge about
dialysis treatment. Future research would also benefit from
UV absorbance monitoring in order to decrease compli-
cations related to dialysis quality and cardiovascular risk
factors.

Recommendations for future research

Exact identification of the remaining prevalent peaks on
the HPLC UV absorption profiles of uremic fluids should
be performed.

A multi-center study to evaluate optical dialysis adequa-
cy monitoring on a larger scale and for different dialysis
modalities (HD vs. HDF) would be valuable from the per-
spective of conventional dialysis adequacy parameters
and the removal of uremic retention solutes.
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Abstract— The objectives of this study were: (1) to compare
removal of the middle molecular (MM) and small uremic
retention solutes; (2) to investigate if MM removal can be
assessed by UV-absorbance at the wavelength of 297 nm dur-
ing various dialysis treatment modalities.

Seven uremic patients, four females and three males, mean
age 58.1+8.7 years, were included into the study during 28
chronic hemodialysis sessions. A parameter, reduction ratio
(RR) in percentage, was calculated for a small uremic reten-
tion solute urea, for a MM retention solute beta2-
microglobulin (B2M), and for UV-absorbance at the wave-
length of 297 during different dialysis modalities: conventional
hemodialysis (HD), high flux hemodialysis (HF-HD), and post-
dilutional online hemodiafiltration (HDF) with different pa-
rameter settings. Achieved results were compared regarding
mean values and SD, and by systematic and standard errors
(BIASHSE).

It was found that RR is similar for small and MM uremic
retention solutes in case of dialysis modality with the highest
convective transport, HDF (78.9+8.1% for urea and 78.1+6.8%
for B2M, N=7). Moreover, RR of small uremic retention so-
lutes can be estimated with sufficient accuracy by UV-
absorbance at 297 nm in the spent dialysate for all modalities
(BIAS+SE: 1.7+4.0%, N=28), and for MM uremic retention
solutes only for HDF (BIAS+SE: 1.1+7.1%, N=7). The results
should be confirmed by appropriate kinetic modeling in the
next studies.

Keywords— Middle molecules, uremic toxins, beta2-
microglobulin, uremic retention solutes, urea, dialysis, UV-
absorbance.

1. INTRODUCTION

Beta2-microglobulin (B2M) (MW 11 818 D) is a poly-
peptide and has been used as a marker for describing behav-
ior and removal of middle molecular weight solutes during
dialysis for many years. High level of serum B2M concen-
trations predict mortality in dialysis patients [1]. European
Best Practice Guidelines (EBPG) have pointed out that
despite no surrogate molecule has been identified yet with
the characteristics of an ideal marker for middle molecular
uremic toxins, B2M is representative in its kinetic behavior
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of other middle molecules (MM) and peptides of similar
size, and may be used as a marker for such molecules [2].

An earlier study investigated the possibility of estimating
the removal of B2M utilizing on-line UV-absorbance meas-
urements during postdilutional online hemodiafiltration
(HDF) [3]. The observed high correlation between B2M and
UV-absorbance at the wavelength of 297 nm was utilized
when calculating the total removal of B2M. However, the
major determinant of absorbance in spent dialysate in this
wavelength is a small uremic solute, uric acid (UA) [4].
This allows spectrophotometric evaluation of dialysis dose
as carlier studies have shown that UV absorptions at 285
and 297 nm have a close correlation with urea-based dialy-
sis dose estimation [5, 6]. This made it possible to develop a
clinically validated online dialysis adequacy monitoring
system [7]. The system measures UV-absorption versus
time in the spent dialysate and calculates Urea Reduction
Ratio (URR) and Kt/V, and is utilized in commercial optical
dialysis dose sensors; Adimea (BBraun Avitum, Germany)
[8, 9] and Dialysis Dose Monitor (Nikkiso, Japan). Assum-
ing, that kinetic behaviour of small and MM uremic reten-
tion solutes during dialysis are different [10], controversy
arises regarding assessment of both small and MM uremic
retention solutes by UV-absorbance during HDF. Moreover,
no results about other dialysis treatment modalities like
conventional hemodialysis (HD) and high flux hemodialysis
(HF-HD) are available.

The objectives of this study were: (1) to compare remov-
al of the MM and small uremic retention solutes; (2) to
investigate if MM removal can be assessed by UV-
absorbance at the wavelength of 297 during various treat-
ment modalities (HD, HF-HD and HDF).

1. SUBJECTS

This study was performed after the approval of the proto-
col by the Tallinn Medical Research Ethics Committee at
the National Institute for Health Development in Estonia
and conducted in accordance with the Helsinki Declaration.
An informed consent was obtained from all participating pa-
tients.



Seven uremic patients, four females and three males,
mean age 58.148.7 years, on chronic hemodialysis were
included in the study at Centre of Nephrology, North-
Estonian Medical Centre, Tallinn, Estonia.

1. MATERIALS AND METHODS

A. Dialysis treatments

Two different polysulphone dialyzers, FX8 (N=7) and
FX1000 (N=21) (Fresenius Medical Care, Germany), with
the effective membrane area of 1.4 m2 and 2.3 m2, were
used. Four different dialysis (HD, HF-HD1, HF-HD2, HDF)
with different parameter settings were used (Table 1).

Table 1 Treatment data.

HD HF-HD1  HF-HD2 HDF

Time, min 240 240 240 240
Blood flow, mL/min 300 350 300 350
Dialysate flow, mL/min 500 500 800 800
Dialyzer FX8 FX1000  FX1000  FX1000
Substitution volume, L 0 0 0 >19

The dialysate flow was 500 and 800 mL/min, the blood
flow 300 and 350 mL/min, no substitution fluid was used
for HD, HF-HD1, HF-HD2 and was higher than 19 L for
HDF. The type of dialysis machine used was Fresenius
5008 (Fresenius Medical Care, Germany).

B. Sampling procedure and laboratory analysis

Blood samples were taken pre-and post-dialysis (CO and
Ct), and spent dialysate samples were taken at 7 minutes in
the beginning and at the end of a session (DO and Dt).
Sometimes spent dialysate samples were taken at 10
minutes in the beginning of a session in order to avoid dis-
turbances from self tests of the dialysis machine. Determi-
nation of concentrations of B2M and urea was performed at
the Clinical Chemistry Laboratory (Quattromed HTI, Esto-
nia) using a standardized methods. The accuracy (%) was
10 for B2M, and 3,2 for urea in dialysate and in blood.

C. UV-absorbance scanning

For the determination of UV-absorbance in the beginning
and at the end of a session (A0 and At) in the spent dialy-
sate/ultrafiltrate a double-beam spectrophotometer (UV-
3600 UV-VIS-NIR, Shimadzu Inc, Japan) was used. Scan-
ning at the UV-range 190-380 nm was performed by an
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optical cuvette with an optical path length of 5 mm within 8
hours after each session using pure dialysate as reference.

D. Removal assessment

To assess uremic retention solute removal during a dialy-
sis session the reduction ratio (RR) in percentage was calcu-
lated from the solute (urea and B2M) concentrations in
blood as:

100% )

RR = CO0-Ct
co

In case of UV-absorbance CO and Ct were replaced by
A0 and At, respectively.

E. Statistical analyses

Systematic error was calculated as follows using RR val-
ues based on concentrations from the laboratory as refer-
ence:

BIAS = % )

where e; is the residual (difference between laboratory
and optically determined RR values for the i-th treatment)
and N is the number of observations [11].

Standard error was calculated according to [7] as

&)

For the analysis Statistica 10.0 (Statsoft, Inc. for Win-
dows) and Excel (version 2007 for Windows) were used.

Student’s paired t-test was used to compare means and
BIAS for different methods and F-test two-sample to com-
pare variances and SE, where p<0.05 was considered as
significant.

1v. RESuLTS

Figure 1 shows RR values (mean+SD, N=7) for small
(Urea) and MM (B2M) uremic retention solutes in blood,
and estimated by UV-absorbance at the wavelength of 297
nm in spent dialysate (A _297nm), during various treatment
modalities (HD, HF-HD1, HF-HD2 and HDF). Difference
in RR for retention solutes with different molecular size,
urea and B2M, is clearly seen. Also, the figure reveals that
the RR values for A 297nm resemble more removal of
small (Urea) than MM (B2M) uremic retention solutes.



There was no statistical difference between RR values for
Urea and from A 297nm (p<0.05).
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Fig. 1 RR values (mean+SD, N=7) for small (Urea) and MM (B2M)
uremic retention solutes, and estimated by UV-absorbance at the wave-
length of 297 in spent dialysate (A_297nm), during various treatment
modalities (HD, HF-HD1, HF-HD2 and HDF)

More distinct presentation how different treatment mo-
dalities influence RR values for small (Urea) and MM
(B2M) uremic retention solutes, and estimated by UV-
absorbance at the wavelength of 297 in spent dialysate
(A_297nm), during various treatment modalities (HD, HF-
HD1, HF-HD2 and HDF) can be seen in Figure 2.
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Fig. 2 RR values (mean+SD, N=7) for various treatment modalities (HD,

HF-HDI, HF-HD2 and HDF) estimated for small (Urea) and MM (B2M)

uremic retention solutes, and by UV-absorbance at the wavelength of 297
in spent dialysate (A_297nm).
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Figure 2 indicates that the RR values for MM (B2M)
start to approach to the RR values of small (Urea) uremic
retention solutes and from A 297nm in case of treatment
modalities with higher convective transport (HF-HD and
HDF) being totally different for HD treatments. There was
no statistical difference between RR values for Urea, B2M
and from A_297nm (p<0.05) for HDF treatments.

Figure 3 shows BIAS+SE values in percentage for vari-
ous treatment modalities (HD, HF-HDI, HF-HD2 and
HDF) as small (Urea) retention solutes versus UV-
absorbance at the wavelength of 297 in spent dialysate
(A _297nm), and between MM (B2M) and A 297nm (Urea
vs A 297nm and B2M vs A 297nm, respectively).
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Fig. 3 BIAS+SE values in percentage for various treatment modalities
(HD, HF-HD1, HF-HD2 and HDF) between small (Urea) and MM (B2M)
uremic retention solutes, and UV-absorbance at the wavelength 0of 297 in
spent dialysate (Urea vs A_297nm and B2M vs A_297nm).

As seen from Figure 3 the BIAS values are largest for
HD and decrease for HF-HD and HDF modalities. The
trend confirms results from Figure 2, illustrating how RR of
MM (B2M) starts approach to RR of small (Urea) uremic
retention solutes and RR from A 297nm in case of HF-HD
and HDF treatments. There was no statistical difference
between BIAS values for Urea versus A 297nm and for
B2M versus A 297nm (p<0.05) for HDF treatments. The
SE values were not different (p<0.05).

v. Discussion
Since B2M is used as a marker for MM removal [10],

optical system for monitoring this solute would be benefi-
cial. This study investigated removal of small (urea) and



MM (B2M) uremic retention solutes during different treat-
ment modalities (HD, HF-HD, HDF), and whether UV-
absorbance at 297 nm in the spent dialysate can be used for
estimation of the removal of small and MM uremic reten-
tion solutes during dialysis simultaneously. The results
indicate that RR for A 297nm is close to RR of small
(Urea) uremic retention solutes (Figure 1) supported by the
smallest BIAS and RE (Figure 3). The RR values for MM
(B2M) start to approach to RR of small (Urea) uremic reten-
tion solutes and RR from A_297nm in case of treatment
modalities with higher convective transport (HF-HD and
HDF) having significant differences and largest BIAS and
RE for HD treatments (Figure 2 and 3). The possible expla-
nation is that removal characteristics of small and MM
uremic retention solutes are significantly different during
HD with prevalent diffusive transport of the uremic solutes,
and became similar during dialysis modalities with high
convective molecular transport, like HF-HD and HDF, from
blood into dialysate. The results, confirming earlier studies
[3], should be proofed by appropriate kinetic modeling in
the next studies.

vI. CONCLUSIONS

It was found that reduction ratio is similar for small and
MM uremic retention solutes in case of dialysis modality
with the highest convective transport (HDF). Moreover,
reduction ratio of small uremic retention solutes can be
estimated with sufficient accuracy by UV-absorbance at 297
nm in the spent dialysate for all modalities. The same is
valid for MM uremic retention solutes only for HDF.

In the future optical on-line monitoring technique that
simultaneously presents reduction ratios of several uremic
toxins would also be useful when new dialyzers and dialysis
techniques are to be tested and evaluated.
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Removal of Urea, $2-Microglobulin, and Indoxyl Sulfate
Assessed by Absorbance and Fluorescence in the Spent
Dialysate During Hemodialysis
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In this study, simultaneous removal assessment of marker
molecules from three uremic toxin groups was performed
during different hemodialysis treatment modalities using op-
tical characteristics of spent dialysate. Results from optical
measurements were compared with the results from chem-
ical laboratory. Ten chronic dialysis patients, mean age 59 +15
years, were included in the study during 40 hemodialysis ses-
sions. Low-flux hemodialysis (HD), high-flux hemodialysis
(HF), and postdilutional online hemodiafiltration (HDF) with
different settings were used. The reduction ratio (RR) and
total removed solute (TRS) of three uremic solutes were de-
termined: small molecular weight urea, middle molecular g2-
microglobulin (B2M), and protein-bound indoxyl sulfate (IS).
Concentrations of these solutes in the spent dialysate were
measured by laboratory (lab) and optical (opt) methods, in
the serum by laboratory methods, and calculated RR values in
percentage were compared accordingly. Total removed solute
was obtained from the total dialysate collection (TDC) using
lab and opt methods. The highest RR values were found for
urea and B2M, and the lowest for IS. The difference between
RR of lab and opt results estimated as mean accuracy (BIAS)
was <8.1% for all three solutes. Good correspondence be-
tween TRS lab vs. opt was achieved, resulting in strong linear
correlation values R from 0.727 for urea to 0.971 for IS. Ac-
curacy for TRS values as BIAS + standard error (SE), compar-
ing lab vs. opt, showed no statistical difference for any of
the observed uremic solutes (P > 0.05). The accuracy of the
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optical method was not influenced by the dialysis modality
(HD, HF, and HDF). ASAIO Journal XXX; XX:00-00.

Key Words: dialysis, dialysis adequacy, uremic toxins, uremic
retention solutes, optical monitoring, ultraviolet absorbance,
fluorescence

The uremia or uremic syndrome, a serious complication
of renal patients, is characterized by the retention of various
solutes because of inadequate kidney function. The classical
subdivision of uremic solutes into three physicochemical types
as small molecular weight water-soluble compounds (SM),
protein-bound solutes (PBS), and middle molecule weight
compounds (MM) has been proposed.' The most widely used
SM marker molecule is urea exploited as a dialysis adequacy
parameter Kt/V, and its simplification, Urea Reduction Ratio
(URR).2 However, Kt/V urea insufficiently represents all novel
changes in modern dialysis and the complexities of uremia.
More holistic assessment of uremic solute removal in dialysis
therapy involving a variety of strategic treatment alternatives®
should comprise kinetic profiling* and monitoring of the key
molecules of all three groups of solutes in uremic toxicity.

European Renal Best Practice has pointed out that B2M is
sufficiently representative in its kinetic behavior of other MM
(including peptides of similar size), and may be used as a
marker for such molecules.>® A protein-bound uremic solute,
indoxyl sulfate (IS), has received attention because of its link
to cardiovascular disease and mortality.” However, the cum-
bersome HPLC method hampers its widespread use in daily
clinical practice.

Removal of uremic solutes in dialysis is generally estimated
by analyzing the blood samples, but an alternative is to ana-
lyze spent dialysate by optical methods. Among others, optical
monitors have been found to be simple and reliable for moni-
toring both specific blood® and spent dialysate® characteristics
of renal patients. On-line assessment of urea-based parameters
of dialysis quality can be accomplished by monitoring ultra-
violet (UV) absorbance of spent dialysate.'!'" Moreover, the
optical monitoring aims to overcome the limitation regarding
single-marker-based dialysis adequacy. Earlier research has
demonstrated the potential of optical monitoring to estimate
the removal of SM,"? PBS,"* and MM'#'* during dialysis. Still,
an optical on-line technique that simultaneously can monitor
several uremic toxins with different removal patterns when var-
ious dialyzers and dialysis modalities are employed has not
been evaluated in the clinical settings.

This proof-of-concept study aimed, for the first time, to
investigate whether optical dialysis monitoring, based on
UV absorbance and fluorescence of spent dialysate, can

Copyright © American Society of Artificial Internal Organs. Unauthorized reproduction of this article is prohibited.
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simultaneously reveal the removal patterns of marker mole-
cules (urea, B2-microglobulin [B2M], and IS) from all uremic
toxins groups during low-flux hemodialysis (HD) and high-flux
hemodialysis (HF) and hemodiafiltration (HDF) treatments
without any need for blood or dialysate sampling.

Materials and Methods

The study included 10 chronic hemodialysis patients, five
males and five females, mean age 59+ 15 years in the Centre
of Nephrology, North Estonian Medical Centre, Estonia. The
clinical data of dialysis patients are presented in Table 1. The
patients were monitored during 40 dialysis procedures in total.
The study was performed after the protocol was approved by
the Tallinn Medical Research Ethics Committee at the National
Institute for Health Development in Estonia (No. 2349) and
conducted following the Helsinki Declaration. An informed
consent was obtained from all participating patients.

Each patient was observed during four midweek dialysis
sessions: one hemodialysis with low-flux dialyzer (HD), two
hemodialyses with high-flux dialyzer (HF1 and HF2), and one
postdilution HDF treatment with different settings (Table 2) to
assess accuracy of the optical method for different modalities.
The type of dialysis machine was Fresenius 5008 (Fresenius
Medical Care, Germany).

No substitution fluid was used for HD, HF1, and HF2. For
HDF, the substitution fluid was higher than 19L. Two differ-
ent polysulphone dialyzers, FX8 and FX1000 (Fresenius Med-
ical Care) with the effective membrane area of 1.4 and 2.2 m?,
were utilized.

The schematic clinical setup, sample collection, and
analysis methods are shown in Figure 1. Serum samples
were taken before (CO) and after dialysis procedure (Ct),
dialysate samples were taken 10, 60, 120, and 180 minutes
after the start of the session and at the end of the session
(240 minutes) from the drain tube of the dialysis machine.
After the end of the procedure, dialysate collection tank was
weighed, and the sample for TRS calculation was taken from
it after careful stirring.

The concentrations of urea and B2M in serum and dialysate
samples were determined in the Clinical Chemistry Laboratory
(SYNLAB Eesti OU, Estonia) using standardized methods. For
total IS determination, the serum samples were first deprot-
einized by heat denaturation. The concentration of IS for all

samples was determined in Tallinn University of Technology by
the HPLC method as described by Arund et al.."”

Optical measurements of spent dialysate samples comprised
acquisition of UV absorption spectrum and fluorescence
spectra. Ultraviolet absorbance spectra were measured over a
wavelength range of 190-380nm by a UVVIS-NIR spectropho-
tometer (UV-3600, Shimadzu Inc., Japan) using pure dialysate
as a reference. Fluorescence analysis was performed over an
excitation (EX) wavelength range of 220-500nm (increment
10nm) and emission (EM) wavelength range of 220-500nm
(increment 1 nm) by a spectrofluorophotometer (RF-5301, Shi-
madzu Inc., Japan) on room temperature (ca. 22°C) within 8
hours after each session. Given scanning wavelengths were
chosen on the basis of earlier studies.’””*'%1% The obtained
spectral values were processed and presented by the software
Panorama fluorescence and UV Probe (Shimadzu Inc., Japan).
Some of incorrect or illogical values of measured concentra-
tion or absorption/fluorescence were excluded from the data,
for example, if sampling was performed simultaneously with
self-tests of the dialysis machine.

Models for uremic solute concentration calculation in
spent dialysate from the optical data were created utilizing
information from the measured UV absorbance or fluores-
cence by multiple linear regression (forward stepwise re-
gression method) analysis. The concentration of a substance
in dialysate was set as a dependent parameter, and optical
characteristics (UV absorbance and fluorescence) of the
spent dialysate were set as independent parameters. The
algorithms obtained for the calculation of concentrations in
spent dialysate (Y) from the optical measurements were in
the form of

Y=g;ai*A(/l,)+§nb/.*F(l/) (1)

where a and b are the coefficients, A(L) is the UV absorbance
value at a certain wavelength [nm], and F(4) is the fluorescence
intensity value at certain EX/EM wavelength [nm]. Obtained
models for optical estimation of the substance level used up
to 6 independent variables (UV absorbance and fluorescence
values at certain wavelengths). The wavelengths used in the
models were: urea: A(297); IS: A(293 and 303) and F(230/320,
230/428, 250/340, and 270/408); and B2M: A(217, 293, and
301) and F(230/330 and 290/311).

Table 1. Clinical Data of the Chronic Dialysis Patients

Patient Diagnosis Age Gender Serum Total Protein (g/L) Dialysis Access
#1 Tubulointerstitial nephritis 65 F 61.8 Native fistula
#2 Hypertension 39 M 68.2 Native fistula
#3 Hypertension 60 M 68.0 Graft

#4 Multiple myeloma 61 M 61.8 Native fistula
#5 Tubulointerstitial nephritis 60 F 65.2 Native fistula
#6 Polycystic kidney disease (ADPCKD) 59 F 70.9 Graft

#7 Hypertension 63 F 60.5 Graft

#8 Hypertension 81 M 53.6 Native fistula
#9 Glomerulonephritis 73 M 59.8 Native fistula
#10 Diabetes, insulin dependent 26 F 61.1 native fistula

#4: Multiple myeloma is in remission, B2MG: 26,440 pg/l; S-Kappa: 255.08 mg/l; S-Lambda: 58.33 mg/l; S-K/S-L: 4.3.
#9: Rapidly progressive glomerulonephritis with crescents (7 years before the study), in remission at time of the study.

ADPCKD, ; F, ; M.
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Table 2. Treatment Parameter Settings

HD HFA1 HF2 HDF
Time, minutes 240 240 240 240
Blood flow, ml/minute 300 350 300 350
Dialysate flow, ml/minute 500 500 800 800
Dialyzer effective membrane area (m?) 1.4 2.2 2.2 2.2
Substitution volume, L 0 0 0 >19

HD, HF, low- and high-flux hemodialysis; HDF, hemodiafiltration.

To assess uremic retention solute removal during a dialysis
session, the RR as a percentage was calculated from the solute
concentrations as:

_Co-Ct
Cco

RR 100% (2)
where CO is a serum sample before and Ct after dialysis proce-
dure. For spent dialysate, a sample taken after 10 minutes after
the start and at the end of dialysis procedure were utilized as
CO0 and Ct, respectively. In the case of optical measurements,
CO0 and Ct were replaced concentrations in spent dialysate cal-
culated from the optical data.

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

TRS=C; *W,; (3)

where C, is the substance concentration in TDC tank (mg/L)
and W, is the weight of the dialysate collection tank (kg). It
was assumed that 1kg = 1L of the dialysate. To determine the
TRS for urea, B2M and IS by the optical method (opt), corre-
sponding concentrations calculated from the spectral values
were utilized.

For the regression analysis, Statistica 10.0 (Statsoft, Inc.
for Windows) was used. Mean and BIAS?® were calculated
by Excel (version 2007 for Windows). Student’s paired t-test
was used to compare means and BIAS for different methods,
and F-test two-sample for variances to compare variances and

Clinical Chem. Lab.

SE. For comparing correlations, cocor package was used.?! P
<0.05 was considered significant.

Results

The concentrations of the marker solutes in the spent dialy-
sate are presented in Table 1, Supplemental Digital Content 1,
http:/links.lww.com/ASAIO/A451, measured by chemical lab-
oratory methods (D_lab) and determined by the models using
the optical data (D_opt). The concentrations of B2M in the
spent dialysate from HD treatments were below quantification
limit, and therefore, the N is smaller for B2M. Concentrations
determined by the laboratory and optical methods were not
statistically different (P > 0.05). Figure 2 presents the identity
and Bland-Altman plots. A strong linear correlation (r = 0.86)
exists between D_lab and D_opt (Figure 2, A-C), whereas most
residuals are uniformly distributed around the mean (Figure 2,
D-F). For all solutes, the bias deviation from the identity line
seems to change with concentration, increasing with higher
values (Figure 2, A-C).

Figure 3 shows RR values (mean + standard deviation [SD])
for urea, B2M and IS in serum (S_lab) and dialysate samples
determined by laboratory (D_lab) and optical (D_opt) methods
during various treatment modalities (HD, HF1, HF2, and HDF).
The difference in RR for marker solutes of different groups is
clearly seen, especially for IS being statistically different from
urea and B2M over all modalities (P < 0.05). Interestingly, the
RR values for B2M resemble more urea than IS, except in the
case of HD. There was no statistical difference between the RR

S_lab_Urea
Serum analysis _.SflabJZM
S_lab_RR
Blood HPLC
Serum analysis *S_lab_IS
L 4
Clinical Chem. Lab.
" Dialysateanalysis — D_lab_Urea
Spent  1===b} D_lab_B2M
Dialysate D_lab_RR
HPLC D_lab_TRS
----%  Dialysate analysis —* D_lab_IS
\ —  Spectrophotometer D_opt_Urea D_opt_RR
. <« On-line - Spectrofiioro- > D-0Pt_B2M D_opt_TRS
=t photometer D_opt IS
_’.

Figure 1. Schematic view of the clinical setup. S_lab_Urea, S_lab_IS, S_lab_B2M and D_lab_Urea, D_lab_IS, D_lab_B2M are urea, indoxyl
sulfate, and 2-microglobulin concentrations measured in chemical laboratory in serum and in spent dialysate, respectively. D_opt_B2M are
optically estimated concentrations in spent dialysate. S_lab_RR, D_lab_are the reduction ratio (RR) values estimated from solute concentra-
tions in serum and dialysate, and D_opt_RR is RR value estimated from dialysate optical measurements. D_lab_TRS and D_opt_TRS are the
total removed solute (TRS) values from the solute concentrations in dialysate measured in chemical laboratory and optically.
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Figure 2. A-C: Identity and Bland-Altman (D-F) plots for the concentration values of urea, 32-microglobuline (B2M), and indoxyl sulfate (IS)
in the spent dialysate from the laboratory measurements (D_lab) plotted against the values by the optical method (D_opt).

values for uremic solutes determined by laboratory and optical
method (P > 0.05).

Table 3 summarizes the average RR values of three toxins
for all modalities combined. In addition to average values, ac-
curacy as BIAS + SE and correlation coefficient R between the
indicated methods over the whole material are given. The high-
est average RR values were obtained for urea and B2M, and the
lowest for IS.

The average RR values of urea were similar for laboratory
and optcal methods and media (serum, dialysate) with a
strong linear correlation between the methods. The average
RR values of B2M between laboratory methods for serum
and spent dialysate were very similar and had a strong cor-
relation, but the link between both media was found to be
weaker with the optical method. In the case of RR of IS,
there was a strong correlation between laboratory and op-
tical methods of assessing the spent dialysate, but the rela-
tion of these methods to the serum-based laboratory method
remained weaker.

The effect of various treatment modalities (HD, HF1, HF2,
and HDF) on average TRS values determined by laboratory and
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optical methods (D_lab and D_opt) is shown in Figure 4. The
lowest average TRS value was obtained with HD compared
withto other treatment modalities in the case of urea and IS.
The highest average TRS values resulted from HDF for B2M
and IS, whereas average TRS values of urea remained almost
the same in both HF and HDF.

Table 4 presents the comparison of laboratory and optical
methods (D_lab and D_opt) to determine the TRS values of
three marker molecules as an average value of all modalities
and correlation coefficient R. TRS values by the optical and lab-
oratory methods were not statistically different for any solute
(P =0.18...0.64). However, the correlation coefficient for IS is
somewhat higher than for urea and B2M indicating a smaller
random error in the case of IS for TRS estimated by the optical
measurements. The identity plots and the Bland-Altman plots
of laboratory and optical methods show good alignment with
the identity line for B2M and IS (Figure 1, B and C, Supple-
mental Digital Content 2, http://links.lww.com/ASAIO/A451),
and rather uniform distribution of residuals around the mean
value (Figure 1, D-F, Supplemental Digital Content 2, http://
links.lww.com/ASAIO/A451).

mUrea AB2M wiS

Figure 3. Reduction ratio (RR) values (mean + standard deviation [SD]) for urea, $2-microglobulin (B2M) and indoxyl sulfate (IS) measured
in chemical laboratory in serum (S_lab) and in spent dialysate (D_Lab), and estimated optically in spent dialysate (D_opt) during various treat-
ment modalities (HD: low-flux hemodialysis, HF1, HF2: two hemodialyses with high-flux dialyzer, HDF: hemodiafiltration). No HD treatments

were included for B2M.
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Table 3. Overall Value for RR and Accuracy (BIAS = SE) for Different Results and for All Three Toxins

RR, % Accuracy (RR) R (RR)
S_lab vs. S_lab vs. D_lab vs. S_lab vs. S_lab vs. D_lab vs.
S_lab D_lab D_opt D_lab D_opt D_opt D_lab D_opt D_opt
Urea (N = 40) 75.3+£8.0 73.3£8.8 73.3%7.3 2.0£3.2 1.9x4.0 0.0+4.8 0.932t 0.863 0.833t
B2M* (N=30) 73.1x9.1 72.0£88 75.0£6.5 1.1x42 -18zx78 2.9+6.8 0.891% 0.576 0.650
IS (N = 39) 435+13.8 55.6+9.5 51.6+11.0 -11.9+89 -8.1x9.9 3.3+£5.2 0.761 0.702t 0.867t

Correlation coefficient R was calculated as a value between the indicated methods.
B2M, p2-microglobulin; D_opt, dialysate measured optically; IS-indoxyl sulfate; RR, reduction ratio; S_lab and D_lab, serum and spent
dialysate measured in the chemical laboratory; SE, standard error.

*No HD treatments were included for B2M.
1R values are statistically different from all others.

1R is significantly different from S_lab vs. D_opt and D_lab vs. D_opt.

Discussion

The main findings of this study were as follows:

1.

For the first time, to our knowledge, simultaneous re-
moval of multiple marker molecules was assessed during
HD, HF, and HDF treatments estimated as RR and TRS
values using optical characteristics of spent dialysate.

. Spectrophotometric and fluorometric monitoring demon-

strated the ability to determine the concentration values
for markers of three groups of uremic toxins in the spent
dialysate without any blood or dialysate samples.

. Reduction ratio calculated from serum measured chem-

ically and spent dialysate derived optically were similar,
and the difference estimated as mean accuracy (BIAS)
was <8.1% for all three marker uremic toxins.

. Good agreement for TRS between dialysate measured

chemically and optically was achieved, resulting in
strong linear correlation with R values from 0.727 (urea)
to 0.971 (1S).

. Different dialysis modalities had an impact on the RR and

TRS of three marker solutes; however, the modalities did
not affect the accuracy of RR and TRS obtained by the
optical monitoring method, taking into account that B2M
was excluded in the case of HD.
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The UV absorbance has been successfully proven to esti-
mate the removal of easily dialyzed uremic solutes with a high
RR.'02223 Uric acid (UA) is an SM chromophore with strong
correlation between its concentration and UV absorbance at
specific wavelengths,**?* providing a direct method to deter-
mine the levels of UA in spent dialysate. In previous studies,
the possibility of monitoring the removal of UA in the spent
dialysate’? and also in serum?*?” using UV absorbance has
been demonstrated. Both urea and UA are small uremic reten-
tion solutes and are removed very similarly during dialysis.?®??
Via this connection, the UV absorbance can be utilized to in-
directly monitor the removal of urea.'®?3% Strong correlation
between urea concentrations obtained by optical and labo-
ratory methods presented in previous studies'** and in this
study (Table 1 and Figure 2, a and d, Supplemental Digital
Content 1 and 3, http:/links.lww.com/ASAIO/A451) provides
a valid base to this approach.

Considering the optical monitoring of MM uremic solutes,
the supportive evidence related to the fluorescence of ad-
vanced glycation end products (AGE) and the AGE-modified
B2M can be found. The fluorescence spectra of the later
with a maximum at EX370/EM445nm were very similar to
that of bovine serum albumin, artificially glycated in vitro.>!
Partly fluorescent at EX370/EM440nm, only a small part of

wlS (umol/L)

&
»
&

Figure 4. Comparison of different treatment modalities by total removed solute (TRS) values (mean + standard deviation [SD]) for urea, 32-
Microglobulin (B2M) and indoxy! sulfate (IS) measured in chemical laboratory yy (lab), and estimated optically (opt) in spent dialysate, during
various treatment modalities (HD: low-flux hemodialysis, HF1, HF2: two hemodialyses with high-flux dialyzer, HDF: hemodiafiltration). No HD
treatments were included for B2M.
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Table 4. Comparison of Different Methods by TRS Values With Mean, Accuracy (BIAS * SE), and Correlation Coefficient (R)

TRS Accuracy (TRS) R (TRS)
D_lab D_opt D_lab vs. D_opt D_lab vs. D_opt
Urea* mmol (N = 39) 516.8+169.2 525.5+134.7 -8.7+116.7 0.727
B2Mt mg (N = 30) 193.3+52.6 202.4+60.3 -9.1+36.1 0.804
IS, pmol (N = 38) 580.2+288.4 566.9+286.9 13.4+69.7 0.971%

B2M, p2-microglobulin; D_lab, dialysate measured chemical laboratory; D-opt, dialysate measured optically; HD, low-flux hemodialysis; IS,

indoxyl sulfate; SE, standard error; TRS, total removed solutes.
*Urea in mg = 60.06 x urea in mmol.
1No HD treatments were included for B2M.
IR is significantly different from Urea and B2M.

AGEs, covalently bound to proteins, can penetrate the di-
alysis membrane as digestion products of AGE-modified
proteins.??*> Fluorescent gel permeation chromatography
fractions with molecular weight below 7 kD, between 1.5
and 2.0 kD or of ~5 and ~12 kD***® can be found in serum
of dialysis patients, depending on the therapy strategies
used. Also, the AGE-modified B2M, the major component of
hemodialysis-associated amyloidosis, has the fluorescence
maximum at EX360/EM450 comparable to that of AGEs.>'*”
From these observations, it can be concluded that partly the
fluorescent AGEs are filtered into the dialysate as a part of
the fraction of middle size uremic toxins. The process is evi-
dently promoted by modalities utilizing dialyzers containing
membranes with larger pore size and area, as with HF and
even more efficiently with convective hemodialysis therapies
like HDF. Because the substantial part of AGEs and the AGE-
modified B2ZM can be detected by fluorescence, the optical
signal, monitored at appropriate wavelengths during dialysis,
seems to offer an alternative for assessment of the removal of
MM by dialysis. Strong correlation (r > 0.80) between labora-
tory and optical methods to estimate the concentration of the
B2M (Table 1 and Figure 2, B, Supplemental Digital Content
1 and 3, http://links.lww.com/ASAIO/A451), RR (Table 3), or
TRS (Table 4, Figure 1, B, Supplemental Digital Content 2,
http://links.lww.com/ASAIO/A451) is consistent with previ-
ously published results by Holmar et al..™

In the case of PBSs, only the free fraction of the blood
serum is available to diffuse through the dialysis mem-
brane,”?%3% thus making them slowly dialyzed solutes with
low RR values. PBS contribute less than 10% to the UV ab-
sorbance signal.?? As a result, the UV absorbance monitor-
ing method lacks potential to estimate the removal of PBS.
According to the HPLC studies on the deproteinized uremic
serum and spent dialysate samples, from among a group of
PBS, IS has a prevalent fluorescence compared with other
uremic retention solutes.'”#%-42 Furthermore, the RR of IS was
very close to the decrease of the total fluorescence signal of
the spent dialysate.'” Despite that absorbance from certain
wavelengths could add precision to the optical model for PBS
(1S), the contribution of 1S and other indoles to UV absorb-
ance in the spent dialysate is relatively small compared to
that of SM uremic toxins.?? Therefore, using fluorescence of
spent dialysate, which has different selectivities than UV ab-
sorbance, is well justified for the direct optical monitoring
of IS removal. This is supported by the matched concentra-
tions determined by optical and laboratory methods in spent
dialysate (Table 1 and Figure 2, C and F, Supplemental Digital

Content 1 and 3, http:/links.lww.com/ASAIO/A451), and
confirms the previously published results.” One reason for
larger outliers (Figure 2F) is related to the uncompensated
effects of the UV chromophores to fluorescence of the IS.

Due to protein-bound nature and specific kinetic behavior
of PBS in the body, including IS, there is a discrepancy between
RR values in the blood and the spent dialysate (Table 3), indi-
cating the limited access of total PBS to dialyse. Thus, describ-
ing the elimination of PBS by estimating the TRS optically from
the spent dialysate would be beneficial. Good agreement be-
tween TRS obtained for IS by optical and laboratory methods
reported in a previous study' and this study (Table 4, Figure 1C
ans F, Supplemental Digital Content 2, http://links.lww.com/
ASAIO/A451) support this approach.

Different treatment modalities (HD, HF, and HDF) had
a major impact on the removal of B2M (Figures 3 and 4),
achieving the maximum RR and TRS for HDF. The RR values
for B2M start to approach RR of SM urea in the case of
applying treatment modalities with higher convective trans-
port (HF and HDF) (Figure 3). TRS for B2M and IS increases
for HDF compared with HF modalities but remains at the
same level for urea (Figure 4), which indicates that further
enhancement of the treatment efficiency does not remove
higher amounts of small water-soluble compounds. The
effect of HF and HDF seems to be moderate for IS RR value
(Figure 3). Higher removal in HDF vs. HF has been demon-
strated in prospective trials for urea, phosphate, B2M, factor
D, homocysteine, and AGEs.* Although the chosen modali-
ties had an impact on the removal of all studied solutes,
they did not affect the performance of the dialysate-based
optical method.

Among other advantages of dialysate quantification is that
TRS gives a direct quantitative estimate of uremic solutes
removal. A limitation is that dialysate-based measurements
may not reflect total removal in the presence of membrane
adsorption. Moreover, deviations may occur due to medica-
tions and other uremic solutes that may interfere with the
UV-absorbance or fluorescence of spent dialysate during
optical online measurements. Usage of complicated appa-
ratus, such as spectrophotometers and spectrofluorometers,
for on-line optical monitoring of uremic retention solutes in
the spent dialysate during dialysis treatments makes mea-
surements rather cumbersome in the clinical environment
and is not suitable for everyday praxis. The latter raises the
need for a specially designed compact and robust on-line
dialysis monitoring device which will be a task for further
development.
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Conclusion

This proof-of-concept study demonstrated that optical dial-
ysis monitoring, based on UV absorbance and fluorescence of
spent dialysate, can simultaneously reveal removal patterns of
urea, B2M, and IS during various dialysis treatment modali-
ties without any blood or dialysate sampling. Good agreement
between chemically and optically estimated solute removal
parameters, RR and total removed solute, was achieved. Di-
alysis modality did not affect the accuracy of optical method,
taking into account that B2M was excluded from the analysis
in the case of dialysis with low-flux dialyzer.

On-line optical monitoring could help to raise the aware-
ness for all parties of renal replacement therapy, offering an
easy way to see the course of the ongoing treatment for doc-
tors, nurses, and patients, leading to better treatment planning,
performance, and patient compliance.
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