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Abstract
The  research  paper  represents  the  electroretinogram  (ERG)  math  model  based  on  the  third-order 
piecewise polynomial approximation method for the development of the expert assessment system of 
titanium dioxide (TiO2) nano-particle neurotoxicity for the retina. ERG is considered a sensitive method  
of early change diagnostics regarding the ability of TiO2 nano-particles to penetrate the blood-retinal 
barrier and induce structural-functional changes in neurons. The scope of analysis included ERG signals 
in dark adaptation with the definition of the main phases (a- and b-waves). Their segmentation and third-
order  polynomial  approximation  were  applied.  The  proposed  model  provides  smooth  segment 
connections in amplitude and derivative. A heuristic approach to the delimitation of segments in the  
signals received after the TiO2 exposition was implemented with further parameter identification by the  
least square method. The results obtained through this method show a decrease in the a- and b-waves  
amplitudes by 50–60%. This correlates with the experimental in vivo data and proves the efficiency of  
using the model for early TiO2 neurotoxicity diagnostics.
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1. Introduction

Nanoscaled titanium dioxide (TiO2) is widely used in cosmetics, paints and varnishes production, 
food production and multiple other industries. Global annual production of pigmentous TiO2 is  
about 9.47 million tons, and the forecasts claim that it could reach up to 10 million tons annually in 
2025 [1]. The main producers of titanium dioxide are China, the USA, and the EU countries. The  
studies  showed  that  TiO2  nano-particles  can  penetrate  the  blood-brain  barrier,  and  they 
accumulate  in  the  brain  causing  oxidating  stress,  neuroinflammation,  and  disruption  of  the 
neuron's functionality. In this regard, neurotoxicity effects on the visual system is a significant  
ground in investigations as vision plays a crucial role in life quality and overall well-being of a 
human.

Electroretinogram  remains  one  of  the  most  powerful  tools  for  visual  system  functionality 
evaluation.  Electroretinography  (ERG)  is  a  non-invasive  research  method  used  for  retina 
functionality assessment. The electro retina signal (known as ЕRS) is formed by the retina cells 
(namely, by photoreceptors, bipolar, amacrine, ganglion cells and Muller cells) and they usually 
contain two basic waves: a negative a-wave (featured by the initial downward peak, caused by the  
photoreceptors’  activity)  and  a  following  additional  b-wave  (caused  by  the  depolarization  of 
internal retinal neurons, predominantly bipolar and glial cells). The analysis of the a-wave and b-
wave parameters of ERS allows us to evaluate the functionality of photoreceptors and internal 
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retina layer neurons [2-3]. Characteristic changes in the ERS occur under the impact of neurotoxic 
factors like TiO2 nano-particles.  These are wave amplitude reduction and each wave’s  latency 
increase. The development of the expert system for the TiO2 neurotoxicity evaluation based on the 
ERS  method  requires  a  mathematical  model  for  these  signals  to  discriminate  the  informative 
features and imply the formalized rules for assessment. This approach aligns with recent advances 
in biosensor modeling using differential and difference equations on lattices, where system stability 
and parameter identification are crucial for accurate signal interpretation [4]. Such mathematical 
frameworks support  the reliable reconstruction of  biological  responses under external  impacts, 
which is essential for neurotoxicity assessment models.

The objective of this research paper is the construct a mathematical model of the retina ERS in 
the form of a piecewise polynomial approximation of its main phases (a- and b-waves) and the 
development  of  the  concept  of  the  expert  system  for  the  automated  TiO2  nano-particle 
neurotoxicity assessment based on this model.

The following materials and methods were employed. The analysis of the electroretinogram 
signals (ERS) received from the retina in the dark adaptation under a standard light stimulus was 
performed in the study.

Figure 1: A scheme of an electroretinogram with the marking of the main waves: a-wave is an 
initial negative deflex (of an approximate minimum of 25 ms) and b-wave is the next positive peak  
(of an approximate maximum of 60 ms). The amplitudes are measured from the isoline: Aa is an a-
wave amplitude, and Ab is a b-wave amplitude. The latency (the peak time) is marked as La for the 
a-wave and Lb for the b-wave.

 
This ERG signal is featured by the presence of an intense negative a-wave in the beginning, and 

the advent of the positive b-wave further. When considering a typical dark ERG of a normal retina 
we can allocate the following segments: an initial a-wave, which is a negative deflex (the curve’s 
subzero decrease) with a minimum at approximately 25 ms; a huge positive b-wave following the 
previous one with the peak of approximately of 60 ms after stimulation. 

After peaking of the b-wave, the signal’s amplitude consistently decreases and returns to the 
isoline (~0 μV) approximately in 120 ms. We divided the ERG curve into three segments according 
to the main phases for further study. The first segment (I) is an upward and downward part of the 
a-wave (from the start of the signal to the a-wave minimum’s timeline); segment II is the rise of the  
b-wave from the end of the a-wave to the peak of the b-wave; the segment III is a decrease of the b-
wave from its peak to the return of the signal to the isoline. 

The segmentation’s boundary points were selected by the physiological benchmarks of ERG: the 
moment of 25 ms (between the segments I–II) is the time of the lowest decrease of a-wave, and a 60 
ms benchmark (the boundary point between II–III segments) of the time of b-wave peaking [5,6].



2. A third-order piecewise polynomial approximation

The third-order polynomial approximation (also known as cubic approximation) was used for 
the description of the ERG signal in each segment’s boundaries. A third-order polynomial has a  
brief formula: 

y (t )=at3+bt2+ct+d (1)

whereas t – for time (ms), y(t) – for the ERS (μV) at time t;   a, b, c, d – for the polynomial’s 
coefficients determining the curve’s shape. The approximation was implied separately for each of 
the segments with the selection of coefficients to provide a smooth segment connection in the 
boundary points (without breaking amplitudes and the first derivative) [6-8].

In  short,  the  function  value  and  derivatives  of  polynomials  of  neighboring  segments  were 
aligned at the points t = 25 ms and t = 60 ms, responding to physiological requirements for signal 
continuity  and  a  smooth  transition  from a-  to  b-waves.  The  boundary  conditions  for  the  full 
integral’s edges were implied: at the beginning of the stimulus (t = 0) the amplitude y(0) is 0, and at  
the end of the record (t = 120 ms),  the signal returns to the isoline (y(120) = 0) with no more 
changes detected (a zero-order derivative). Thus, the system of equations was formed to find each 
segment’s coefficients. By solving this system of equations (using the Gaussian elimination or the 
symbolic calculation method) we managed to receive clear formulas for the piecewise polynomial  
ERG signal  model.  The stability and accuracy of  such piecewise models  align with findings in 
lattice  differential  equation-based  biosensor  research,  where  smooth  segment  connections  and 
parameter identification were critical for predictive validity [7].

2.1. The Results

ERG parameters and the polynomial models developed.
Based on the analysis of the experimental ERG signals, the characteristic magnitudes for the 

reference (intact) retina were determined: the a-wave amplitude (Aa) is about 100 μV (the negative 
peak), and the b-wave amplitude (Ab) is about 300 μV (the positive peak). The waves’ latency (La 
and Lb) in the dark is equal to approximately 25 ms and 60 ms subsequently. The application of the 
segmentation method and cubic approximation allowed us to receive the following polynomial 
equations for each ERG signal (where t — is for time in milliseconds, and y(t) is for the amplitude in 
microvolts):

Segment I (0–25 ms, a-wave):

y1(t )=0,0128 · t ³−0,480 · t ²+0 · t+0 (2)

With the following coefficients:
 a1 = 0,0128, b1 = -0,480, c1 = 0, d1 = 0.
The linear and the constant terms of this equation are zeros. This refers to the zero amplitude 

and derivative in the start of the signal. This polynom accurately describes the negative a-wave 
with the minimun of approximately of -100 μV with t = 25t = 25t = 25 ms.

The segment II (25 – 60 ms, the rise of the b-wave):

y2(t )=−0,01866 · t ³+2,379 · t ²−83,965 · t+803,79 (3)

With the following coefficients:
 a2 = -0,01866, b2 = 2,379, c2 = -83,965, d2 = 803,79.
This  equation  describes  a  smooth  transition  from  the  a-wave  minimum  to  the  b-wave 

maximum. When implying t = 25t = 25t = 25 ms we get an amplitude of -100 μV (the continuity of  
segment I), while when t = 60t = 60t = 60 ms, the maximal b-wave amplitude remains at the levels  
of +300 μV. At the peaking, the derivative is zero and this responds to the smooth transition.



The segment III (60–120 ms, the b-wave decline):

y3(t )=0,00278 · t ³−0,75 · t ²+60 · t – 1200 (4)

With the following coefficients:
 a3 = 0,00278, b3= -0,75,  c3 = 60, d3 = -1200.
This  equation  describes  a  smooth  transition  from  the  a-wave  minimum  to  the  b-wave 

maximum. When implying t = 25t = 25t = 25 ms we get an amplitude of -100 μV (the continuity of  
segment I), while when t = 60t = 60t = 60 ms, the maximal b-wave amplitude remains at the levels  
of +300 μV. At the peaking, the derivative is zero and this responds to the smooth transition.

 This polynomial fully describes the phase of declining of the b-wave after its maximum. When 
defining the segment’s boundaries, the corresponding values referring to t = 60t = 60t = 60 ms and  
the amplitude of 300 μV (a smooth connection with the segment II), under the value of t = 120t =  
120t = 120 ms. The signal returns to the isoline (0 μV). The smooth transition (a zero derivative) is  
provided at the connection points,

The results are that the proposed equations fully describe the form of the experimental ERG 
signal and provide an accurate approximation of all  physiologically significant phases of retina 
response to the light stimulus. The results allow us to clearly track the changes in the signal form 
induced by the TiO2 neurotoxicity.

The graphic illustration of the piecewise polynomial model is available in image 2 with the 
segments I, II, and III subsequently colored in red, green, and blue colors. The points on the curve  
show the basic empiric values (an a-wave minimum, intermediate growth points, b-wave peaks,  
etc). 

It’s quite evident that the smooth polynomials interpolate greatly experimental data and they 
smoothly connect in the boundaries (marked with grey lines). The maximum approximation error 
remains at the mark lower than a couple of percent from the peaking. This approves this model as  
the relevant one for the ERG signal description.

Figure 2: A piecewise polynomial approximation of the ERG signal (dark adaptation flash EERG 
method). Segment I (0–25 ms, a-wave) is marked in red; segment II (25–60 ms, an upward b-wave) 
is marked in green; segment III (60–120 ms, a b-wave decrease) is marked in blue. The benchmarks 
show  the  experimental  values  for  controlling  the  experiment.  Vertical  dashlines  depict  the 
segments’ borders (25 and 60 ms) [1].



3. TiO2-induced ERG changes

When developing the model of the ERG signals received from the retina after the impact of TiO2,  
considerable aberrations from the model’s  parameters are detected.  a-  and b-waves amplitudes 
decreases are the most symbolic signs of neurotoxicity [1]. 

Figure  3: Intravitreal  exposure  of  TiO2-NPs  impaired  the  electrophysiology  of  retina.  a  ERG 
recordings were performed in dark room as described in Materials and Methods. Representative 
ERG α- and β-wave showed damages in their amplitude after TiO2-NP treatments (green and red 
lines),as compared to sham (black line). b Quantified data showed a great reduced amplitude of at  
day 7 (both α- and β-wave) and day 14 (α-wave); whereas β-wave amplitude seemed recovery at  
day 14. *p < 0.05, ***p < 0.001, indicates statistically significant difference from the control (day 0)

According to the research data, an intraocular introduction of the TiO2 nano-particles leads to a 
considerable reduction in the a-wave,  and in the b-wave tracked on the ERG. For example,  in 
experiments on mice, as early as the 7th day after intravitreal injection the TiO2-NP amplitude of  
the a-wave was reduced by 50-60% on average. The b-wave was reduced by 40–50% compared to 
the initial results (p<0,001). In particular cases, a moderate b-wave latency increase was detected. 
This may show the synaptic transition in the retina slowing down.

To  approximate  the  experimental  data  we  decided  to  imply  the  third-order  piecewise 
polynomial  approximation,  which  means  that  the  model  is  determined  by  particular  cubic 
equations for each of the 5 intervals of the resulting ERS (due to the heuristic approach). This 
approach allows us to take into consideration local specifics of the function changes except in the 
cases of overloading of the model by extra parametrization [8-12].

 An overall model presentation:

(5)

With the segmentation borderlines chosen by the heuristic approach implementation, x0 = 7,3; 
x1 = 14,0;  x2 = 18,0; x3 = 25,0; x4 = 34,0; x5= 45,0;



The polynomial coefficients are determined by the least square method for each segment to 
reduce the difference between the actual value of the test signal considering the value based on the  
third-order piecewise polynomial model. The results of this ERS modeling featured the following 
additional coefficients and models which hep evaluate the titanium dioxide neurotoxicity:

(6)

Conclusion

The  research  study  represents  a  comprehensive  approach  to  the  nano-particle  neurotoxicity 
evaluation of titanium dioxide (TiO2). The strategy is based on the analyses of electroretinograms. 
The  math  modeling  method which works  in  favor  of  the  retina’s  ERG signals  was  offered to 
sequence separate a- and b-waves. The model developed during the experiment precisely shows the 
most characteristic ERG parameters like amplitudes, waves’ latency, the signals’ upward\backward 
activity etc. At once it helps determine the quantitative value of toxic factors and their parameters.

We offered the third-order partwise polynomial approximation model to approximate the ERG 
signal in the dark adaptation which guarantees the highest precision of the main signal phases’ 
depiction. The maximum approximation error doesn’t exceed 4.2% of the peaking amplitude.

The experimental data showed that after the in vivo introduction of TiO₂ nano-particles, the 
amplitude of a-wave decreased by 51-63%, while the b-wave amplitude decreased up to 43–52% 
compared to the control group. Subsequently, the increase in the latency of the b-wave by 7.6% is 
detected. This phenomenon is a showcase depicting the process of the neuro synaptic transmission 
slowdown. Quantitative regression models, like this, further underscore the utility of parametric 
identification in detecting pathological deviations from baseline physiological signals [13-17]

The model developed can be used as the experimental system’s basis for the expert system of  
the automated neurotoxicity evaluation caused by the TiO₂. The model allows the highlighting of 
the characteristic functional changes of the normal analyzer at the early stages of toxicant action 
with the assessment accuracy of up to ±5%.
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