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Optimal Wavelength Selection in Ultraviolet Spectroscopy for the Estimation of
Toxin Reduction Ratio during Hemodialysis
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Abstract

Introduction

The concentration of substances, including urea, creatinine, and uric acid, can be used as an index to measure
toxic uremic solutes in the blood during dialysis and interdialytic intervals. The on-line monitoring of toxin
concentration allows for the clearance measurement of some low-molecular-weight solutes at any time
during hemodialysis.The aim of this study was to determine the optimal wavelength for estimating the
changes in urea, creatinine, and uric acid in dialysate, using ultraviolet (UV) spectroscopy.

Materials and Methods

In this study, nine uremic patients were investigated, using on-line spectrophotometry. The on-line
absorption measurements (UV radiation) were performed with a spectrophotometer module, connected to the
fluid outlet of the dialysis machine. Dialysate samples were obtained and analyzed, using standard
biochemical methods. Optimal wavelengths for both creatinine and uric acid were selected by using a
combination of genetic algorithms (GAS), i.e., GA-partial least squares (GA-PLS) and interval partial least
squares (iPLS).

Results

The Atrtifitial Neural Network (ANN) sensitivity analysis determined the wavelengths of the UV band most
suitable for estimating the concentration of creatinine and uric acid. The two optimal wavelengths were 242
and 252 nm for creatinine and 295 and 298 nm for uric acid.

Conclusion

It can be concluded that the reduction ratio of creatinine and uric acid (dialysis efficiency) could be
continuously monitored during hemodialysis by UV spectroscopy.Compared to the conventional method,
which is particularly sensitive to the sampling technique and involves post-dialysis blood sampling, iterative
measurements throughout the dialysis session can yield more reliable data.
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1. Introduction

Hemodialysis is the most common treatment
for renal dysfunction in end-stage renal disease
(ESRD). This procedure uses a dialyzer to
gradually  remove  low-molecular-weight
toxins, based on the concentration gradient
between the blood and dialysis fluid.
Typically, each dialysis session takes three to
four hours; also, to ensure the desired effect,
dialysis should be repeated every two days.
The amount of dialysis received by the
patients has a major impact on their general
health and mortality [1, 2].

Continuous on-line  monitoring of urea,
removed during dialysis, is recognized as the
first step towards improving treatment
efficiency [2, 3]. Blood sampling has been the
main source of information concerning the
efficiency of dialysis treatment. The common
procedure for monitoring the efficiency of
hemodialysis is to collect pre- and post-
dialysis  blood samples. Then, urea
concentration is measured in the samples, and
the urea reduction ratio (RR) is calculated.
Urea itself does not exhibit toxic properties at
concentrations found in the blood samples of
dialysis patients [4]. Urea level only represents
the removal of many uremic toxins as a group
of protein-bound and middle molecules [5].
Creatinine is another waste product, retained
from uremic patients, which is removed from
the blood through hemodialysis [6].

A principle for monitoring non-invasive
dialysis adequacy has been proposed by Gal et
al. [7]. Two optical techniques, namely UV
absorbance  and near-infrared (NIR)
techniques, have shown some progress
towards clinical application over the past
decade [8]. In fact, the NIR technique can
directly measure urea through signal
processing of raw NIR spectra [8, 9].

A significant correlation has been found between
UV absorbance and concentration of several
removed small waste solutes, such as urea,
creatinine, and uric acid [10]. On the other hand,
some off-line studies have indicated no
correlation between urea concentration and UV
absorption, whereas stable and reproducible UV
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absorption has been observed in creatinine and
uric acid [11, 12].

Urea is not easily detected through UV
absorbance measurement, while urea in
dialysate is closely correlated with absorbance
values. It seems that this correlation is induced
by substances with a removal profile similar to
urea [13]. In the literature, the significant
contribution of creatinine, uric acid, and
phosphate to absorbance values has been
reported [14].

On the other hand, there are other materials in
the spent dialysate, which are absorbed in the
UV band, thus leading to possible errors [15,
16]. To the best of our knowledge, no
equipments have been developed so far for the
efficacy measurement of dialysis treatment,
based on the UV absorption of waste products
in the dialysate.

With this background in mind, in the present
study, we aimed to detect the optimal UV
wavelength for RR measurement of toxin
concentration during hemodialysis. The
decline in uremic retention solutes was
regarded as RR and was used as an index for
dialysis efficiency. On the other hand, RR is a
normalized parameter, which can be applied as
a solution for reducing the discussed error. We
also tried to measure RR for three main toxins
(i.e., urea, creatinine, and uric acid) in the
spent dialysate through UV spectroscopy as
the basis for the real-time monitoring device.

2. Materials and Methods

In the present study, we performed off-line and
on-line UV absorbance analyses. The off-line
measurements were performed in the
laboratory to evaluate the absorption
wavelength of urea. A hemodialysis machine
was used for the on-line measurement of the
spent dialysate.

2.1. Off-Line Test for Urea Measurement
Off-line tests were performed to determine the
UV absorption of urea in the laboratory by
using an Avantes spectrometer at a wavelength
range of 199-750 nm in Sharif University of
Technology, Tehran, Iran; however, stability
and reproducibility were not observed for off-
line urea absorbance tests. Overall, the UV
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absorbance method cannot measure urea as a
single solute. Therefore, in the remainder of
the study, we only investigated the optimal
wavelength for creatinine and uric acid.

2.2. Patients and Clinical Setup

A total of nine uremic patients, including two
females and seven males, on thrice-weekly
hemodialysis were studied at Imam Ali
Hospital in Qods city, Tehran, Iran. The
selected patients used drugs which are
normally prescribed for dialysis patients.
Treatment duration ranged from 240 to 300
min, and the dialysate flow was fixed at 500
ml/min. The dialysate temperature ranged
between 28 and 32°C.

Two different polysulfone dialysers were used,
i.e., PS10 and PS13 (Meditechsys Co., Iran)
with the effective membrane areas of 1.0 and

HO-water it
T E————
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1.3 m?, respectively. The type of hemodialysis
machine was ATF-1022 (Arya Teb Firouz Co.,
Iran). The clinical setup of the experiments is
presented in Figure 1. The setup equipment
was connected to the drain hose end of the
dialysis machine; therefore, it imposed no
restrictions and could be used on any
hemodialysis machine. At the end of each
dialysis session, this equipment, along with the
hemodialysis machine, was disinfected.
Samples of the spent dialysate were collected
at 5, 15, 30, 60, and 120 min intervals after the
start of dialysis treatment and at the end of the
dialysis session. The concentrations of urea,
creatinine, and uric acid were determined at
Ana Medical Laboratory (Tehran, Iran), using
standard conventional methods.
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Figure 1. The experimental setup
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Figure 2. On-line absorbance spectra of the spent dialysate recorded during dialysis treatment
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2.3. Data collection
The absorption spectra were collected at 199—
750 nm wavelengths by Avantes UV/VIS
spectrometer (AvaSpec-ULS 2048 TEC;
resolution: 0.29 nm). The spectrometer and
deuterium halogen light source (AvaLight-
DHc) were connected by optical fibers to a
flow cell. The detector was equipped with a
standard  linear  array  charge-coupled
device (CCD; 2048 pixels). For the on-line
measurements, the flow cell with a path length
of 10 mm, consisting of 2 UV/VIS lenses, was
used. During the on-line experiments, the flow
cell was connected to the fluid outlet of the
dialysis machine, and all the spent dialysate
passed through it.
The absorbance spectra of the effluent
dialysate, collected during the dialysis session,
showed a small peak at 290 nm and a large
peak at 240 nm. At wavelengths below 240
nm, numerous changes were observed in the
spectra, and the profile in this region was
unstable. However, at a wavelength of 240-
310 nm, the profile remained stable with a
consistent absorbance decrement during the
dialysis session (Figure 2).
2.4. RR Estimation
The decline in uremic retention solutes was
regarded as RR. The RR(t) of a compound was
defined as a function of pre-dialysis
concentration (Cyre) and concentration at each
time (Cy):

e

Core — C
RR(t) = ”C—t 100% (1)
pre

2.5. Data Analysis

The block diagram of the method is presented
in Figure 3:

The combination of genetic algorithm-partial
least squares (GA-PLS) and interval partial
least squares (iPLS) models was applied to the
UV spectrum dataset of the spent dialysate.
The GA-PLS method selected four
wavelengths ~ for  creatinine and  six
wavelengths for uric acid. In this study, we
used sensitivity analysis to determine which
wavelengths are most sensitive to the RR of
creatinine and uric acid. These methods (i.e.,
IPLS, GA-PLS, and artificial neural network
or ANN) were implemented by MATLAB
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Software Version 7.6 (R2011b, MathWorks).
For ANN sensitivity analysis, NeuroSolutions
version 5 and Excel 2007 were used.

Concentrations of creatinine
and uric acid

Absorbance spectra of the
spent dialysate (240-310

Estimation of RR
v

Combination of iPLS and
GA-PLS models

The four selected

—— wavelengths for
y y creatinine and six
ANN sensitivity analysis wavelengths for uric
acid
v v

Creatinine (242, 252 nm) Uric acid (295, 298 nm)
Figure 3. The block diagram of the method

2.5.1. iPLS Method

The iPLS method calculates the local PLS
models on equidistant subintervals of the full-
spectrum region. The main advantage of this
method is an overall graphical illustration of
the variation in ‘X’, which is relevant to the
dependent variable ‘Y’. The iPLS models are
often developed on spectral subintervals of
equal widths, and the predictive performances
of all local models, as well as the global full-
spectrum model, are compared. The model
comparison is based on the validation
parameter, i.e., the root mean square error of
cross-validation (RMSECV) for a given
validation scheme [17].

2.5.2. GA-PLS Method

GAs are powerful tools for detecting the most
relevant spectral regions in multivariate
calibration. Good performance of GA-PLS, as
a tool for wavelength selection, has been
demonstrated in the literature [18, 19].

2.5.3. Combination of iPLS and GA-PLS
Models

The combination of iPLS and GA-PLS models
has been applied to the UV spectrum dataset of
the spent dialysate. Two models were used to
determine the optimal wavelength for
calculating the RR of creatinine and uric acid.
Initially, the iPLS model was applied and
RMSECV for 20-interval model was
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determined. The wavelength intervals, which
had an RMSECV below the threshold, were
applied in the GA-PLS model. GA-PLS was
then used on these spectral regions with the
goal of refining the model [20].
2.5.4. ANN Sensitivity Analysis
Sensitivity analysis aims to describe the extent
to which the model output is affected by
changes in the model input. In the present
study, sensitivity analysis was used for
selecting the major features of the input space.
Therefore, sensitivity of the input variable was
a partial derivative of the network model
output with respect to the input variable. The
neural network model of the input features
could be used for assessing the influence of
each input variable on the value of the output
variable of the model. The sensitivity of the
input is defined by Equation 2 [21]:

1 00F @
;=

N : ox?

where N is the total number of variables, p
denotes the pattern number, Of is the output
value of ANN for pattern ‘p’, and x| is the
input value from pattern ‘p’.

Two ANN nets were used to estimate the RR
of creatinine and uric acid. The wavelengths
selected by GA-PLS were used as the input to
neural networks. The selected neural network
was a multilayer perceptron, with one input
layer, one hidden layer, and one output layer.
The ANN was trained with a modified back
propagation algorithm.

The available dataset was divided into three
subsets. The first subset was the training set
(70% of the samples), the second subset was
the validation set (15% of the samples; error
on the validation set was monitored during the
training process), and the third subset was the
test set (15% of the samples).

3. Results

The data collected from the on-line
measurements were analyzed, based on the
block diagram presented in Figure 3. The results
for each segment were separately investigated.

3.1. GA-PLS method

The quality of the model was evaluated by the
RMSECV of the reference and prediction sets.
The RMSECYV was calculated as follows:

RMSECYV = €))

Wheren is the number of samples,
and y;and yiare the reference and predicted
values of the sample i, respectively. The optimal
number of PLS latent variables was determined
on the basis of RMSECV.

For creatinine, iPLS consisting of 30 runs was
performed with 20 intervals and four
components for each number of intervals. Figure
4A, which demonstrates the central iPLS plots,
shows the RMSECV for the 20-interval model
(bars) and the full-spectrum model (line), plotted
together with a normalized mean spectrum.
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Figure 4. The UV spectra for creatinine. A) RMSECV for
the 20-interval model (bars) and the full-spectrum model
(line) (the value was normalized); B) Location of regions
selected by the GA-PLS model (bars).

As shown in Figure 4A, for creatinine, the
wavelength range of 240-255 nm showed an
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RMSECV below the threshold value. Therefore,
the GA-PLS model, consisting of 100 runs, was
applied to these wavelengths; the GA-PLS
results are presented in Figure 4B. The GA-PLS
model selected four wavelengths of 242, 243,
252, and 253 nm, respectively (RMSECV=
0.28).

For uric acid, the iPLS method was performed
with the same structure as previously described.
Figure 5A, which demonstrates the central iPLS
plots, shows the expected error of prediction
(RMSECYV) for the 20-interval model and the
full-spectrum model. By applying iPLS, a
wavelength range of 268-310 nm, which was
below the threshold value, was selected and
applied to the GA-PLS model. The results of
GA-PLS for the selected interval by iPLS are
presented in Figure 5B.

3.2. ANN sensitivity analysis

This study used sensitivity analysis to determine
which wavelengths are most sensitive to the RR
of creatinine and uric acid. Consequently, ANN
sensitivity analysis was applied to the nets
previously obtained. Based on the findings, 242
and 252 nm wavelengths were most sensitive to
RR estimation of creatinine (Figure 6A). Also,
the results of ANN sensitivity analysis for uric
acid are presented in Figure 6B. The
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wavelengths of 295 and 298 nm were most
sensitive to RR estimation of uric acid.
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Figure 5. The response of UV spectra for uric acid. A)

RMSECV for the 20-interval model (bars) and full-

spectrum model (line), (the value was normalized); B)

Location of regions selected by the GA-PLS model (bars).

Table 1. Comparison of selected wavelengths and RMSECV on data set.

Creatinine Uric acid
Model Selected RMsECY ~ Selected RMSECV
wavelengths (nm) wavelengths (nm)
iPLS? 240-255 0.08 268 — 310 0.38
242 243 286 , 287
GA-PLS® 252,253 0.028 288, 295 0.35
297,298

2 jPLS: Creatinine=3 LV’s , Uric acid = 5LV’s
Y GA-PLS: Creatinine=6

The GA-PLS selected six wavelengths for uric
acid, i.e., 286, 287, 288, 295, 297, and 298 nm,
respectively; for these wavelengths, an
RMSECV of 0.35 was obtained. The results of
IPLS and GA-PLS analyses are summarized in
Table 1.

(LV = Latent Variable)
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Figure 6. Sensitivity analysis. A) Diagram of the
importance of each wavelength for creatinine estimation;
B) Diagram of the importance of each wavelength for uric
acid estimation.

4. Discussion

Dialysis efficiency and quality are important
issues in optimizing treatment outcomes for
ESRD patients. In this regard, on-line
monitoring of the dialysis dose has been
suggested as an effective strategy to improve
treatment quality. Dialysis adequacy refers to
the provision of a sufficient amount of dialysis
treatment to keep the patient healthy and
functional. The goal of a qualitative treatment
approach in  dialysis is to prevent
complications due to uremic toxicity. The
efficiency of a dialysis session has been
measured through determining the
concentration of uremic toxins, measured
before and after the dialysis session.

Urea is a classic marker of dialysis dose and
adequacy. Uric acid is one of the biomolecules
in the body fluid, which is excreted through
the kidneys; therefore, in renal failure, its
concentration increases in the blood [22, 23].
On-line methods are considered to be more
accurate than methods based on pre- and post-
dialysis urea concentrations and have been
found to be better suited to clinical routines.
Other parameters should be also considered to
provide adequate dialysis for the treatment of

dialysis patients. These parameters include
volume status, blood pressure control,
nutrition, and anemia correction [24, 25].
Also, creatinine level is known as a reference
parameter for the removal of non-toxic, water-
soluble, low-molecular-weight waste [26].
Optical measurement techniques are non-
contact, non-destructive, and reagent-less,
thereby permitting on-line analyses. A
significant correlation has been shown
between UV absorbance and concentration of
several solutes, both in the spent dialysate and
blood of dialysis patients [27, 28]. Basically,
the proposed optical approaches consist of
spectrophotometric sensors for the total
absorbance measurement of waste products in
the dialysate.

The total UV absorbance of the spent dialysate
could act as an efficient indicator of dialysis
adequacy [24, 25]. In fact, the total UV
absorbance reflects the overall retention of
accumulated solutes, such as urea, creatinine,
potassium, phosphate, and uric acid [27]. In
this paper, we attempted to determine the
optimal wavelength which could represent the
RR of creatinine and uric acid in the spent
dialysate. The present research showed that
UV spectroscopy can be used to measure the
concentration of creatinine and uric acid
within the chemical matrix of dialysate fluid.
The optimal wavelengths for creatinine and
uric acid were selected by using a combination
of iPLS and GA-PLS methods. By removing
the non-informative regions, iPLS could
thereby significantly diminish the number of
variables. The subsequent application of GA-
PLS to this reduced domain could provide
highly efficient and refined models. The GA-
PLS method selected four wavelengths of 242,
243, 252, and 253 nm for creatinine and six
wavelengths of 286, 287, 288, 295, 297, and
298 nm for uric acid, respectively.

Sensitivity analysis is a method of studying the
behavior of a model and assessing the
influence of each input variable on the value of
the output variable. The ANN sensitivity
analysis, applied to the wavelengths selected
by GA-PLS, verified the influence of each
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input variable on the value of the output
variable of the model. The wavelengths of 242
and 252 nm were most sensitive to the RR
estimation of creatinine (error=0.028), and the
wavelengths of 295 and 298 nm were most
sensitive to the RR estimation of uric acid
(error=0.35).

5. Conclusion

The elevation in creatinine and urea
concentration is a marker of reduced
glomerular filtration. An on-line monitoring
system for dialysis dose calculation could help
provide an adequate dialysis dose for
hemodialysis patients. Optical techniques can
be used to precisely measure the removal of
several retained substances. A selected band of
UV light is transmitted through the spent
dialysate being tested, and the toxin
concentration is measured by the analysis of
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the resulting spectral information. This
technique is a non-invasive method, permitting
on-line  measurements to identify any
deviations in dialysis treatment. Moreover,
deep UV light-emitting diodes have exhibited
major potential in the development of optical
dialysis adequacy sensors.
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