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Abstract

Purpose To evaluate discrete wavelet transform

coefficients and identify descriptors of pattern elec-

troretinogram (PERG) waveforms in order to deter-

mine PERG characteristics for optimizing the

diagnosis of early primary open-angle glaucoma

(POAG).

Methods Pattern electroretinogram was performed

in 30 normal eyes and 30 eyes with primary open-

angle glaucoma according to the ISCEV protocol. The

check size was 0.8� and 16�, and the color was black/

white in both groups. The results were analyzed in

time domain (TD) and discrete wavelet transform

(DWT) using the MATLAB software. The mean

value, standard deviation, and relative energy of level

6 and 7 detail coefficients (d6, d7) and level 7

approximation coefficients (a7) of Daubechies 4

(db4), Daubechies 8 (db8), Symlet 5 (sym5), Symlet

7 (sym7), and Coiflet 5 (coif5) wavelets were calcu-

lated. In all the mentioned wavelets, DWT descriptors
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were extracted. Signals were reconstructed by inverse

DWT. All data obtained by TD and DWT analyses

were compared between the two groups.

Results In both check sizes, a significant attenuation

of N95 amplitude was seen in the patient group. The

relative energy of a7 of db8 increased significantly in

the POAG group in the 0.8� check size. In larger check
stimuli, the relative energy of d7 of coif5 decreased

significantly and the standard deviation of d7 of sym7

increased markedly in glaucomatous patients

(P\ 0.05). In small stimuli, N95 descriptor (7N) of

db8 had the highest value and showed a significant

increase as compared to the POAG group. In the 16�
check size, there was no significant difference. A

strong correlation was seen between reconstructed

signals and originals (r = 0.99).

Conclusion The DWT can quantify PERG responses

more accurately. In agreement with TD and wavelet

coefficients domain results, 7N of db8 decomposition

can be used as a good indicator for early detection of

POAG.

Keywords Primary open-angle glaucoma (POAG) �
Pattern electroretinography � Discrete wavelet
transforms (DWT) � Wavelet analysis

Introduction

POAG

Glaucoma, which is the main cause of irreversible

blindness in the world [1], is caused by progressive

destruction of axons in the optic nerve and retinal

ganglion cell death [2]. The most common type of

glaucoma is primary open-angle glaucoma (POAG)

which is considered a group of chronic, bilateral, and

asymmetric ocular disorders in adults that results in

progressive optic neuropathy (morphological changes

at retinal nerve fiber layer and optic disk) and visual

field defects in the absence of other ocular or systemic

anomalies [3]. POAG is seen in about 74% of the

people with glaucoma. In a review study in 2015, the

global number of patients with POAG was estimated

57.5 million cases. It is estimated that this number will

increase to 65.4 million in 2020 as a result of an aging

population [4]. One of the major factors causing visual

impairment in glaucoma is late diagnosis of the

disease [5, 6]. Therefore, early detection through the

development of more reliable and precise detection

methods is necessary for preventing irreversible

damages [3, 7].

Open-angle glaucoma (OAG) may be diagnosed

according to the three factors: intraocular pressure

(IOP), pathological changes in optic disk, and specific

pattern changes in visual field examination [8]. Gold

standard for IOP measurement is Goldmann applana-

tion test, but in some kind of glaucoma, such as normal

tension glaucoma and in specific time in a day, the IOP

is not very informative [8, 9]. However, retinal

imaging such as optical coherence tomography

(OCT) may be a powerful device for categorizing

the retinal deformation especially in the optical disk

region [10]. Different algorithms and protocols may

exist in different OCT machines [11, 12]. In the best

situation, OCT may reveal the structural changes that

are happened due to glaucoma, but we need essential

to interfere before any irreversible changes in retina;

OCT is unreliable for creating applicable and timely

treatment choices in early glaucoma, particularly

those glaucoma patients without apparent abnormal-

ities or conflicted test results.

Therefore, functional test may be more important.

Visual field test may be a powerful and important

diagnostic tool for glaucoma, but it is subjective and

depends on the patient cooperation and understanding

about the test [8, 13, 14]. Objective functional test for

early detection of glaucoma may be more desirable

[6, 15]. Electrophysiological visual test, such as visual

evoked potential (VEP) and electroretinogram (ERG),

is objective functional test for optic nerve, visual

pathway, and retina [6, 15–17]. The pattern elec-

troretinography (PERG) can be used to assess the

performance of retinal ganglion cells and other outer

retinal structural damages [6, 15, 18]. Moreover, it can

improve the ophthalmologist’s capability to identify

early visual function loss associated with anomalies in

the RGC in glaucoma subjects.

The PERG is the eye’s electrophysiological

responses to reverse black and white checkerboard

patterns or gratings which are recorded by a corneal

contact lens from the human retina [19, 20]. Transient

PERG is recordable at low frequencies of checker-

board reversal (\ 3 Hz) and includes an initial large

positive component (P50) (45–60 ms) and a large

negative component (N95) (90–100 ms) [6, 20, 21].
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According to the ISCEV (International Society for

Clinical Electrophysiology of Vision) protocol, PERG

records are evaluated based on the amplitude and

latency of P50 and N95 [20]. Since the check size

affects the PERG, in early detection of glaucoma using

the PERG, the PERG ratio, defined as the N95

amplitude in response to 0.8� check divided by the

N95 amplitude in response to 16� check, is also

measured. [13]. Due to the PERG generators, optic

nerve diseases decrease N95, while P50 reduces in

macular degeneration [22].

However, exact peak localization is very difficult in

many cases [19]. It is shown that some glaucomatous

cases had normal PERG, i.e., normal N95 amplitude

and the PERG ratio [23]. Thus, PERG analysis in time

domain is not precise. These disadvantages affect the

validity of this valuable electrophysiological test.

Hence, it is necessary to find out the specific features

of the PERG for more reliable and accurate differen-

tiation between normal and abnormal subjects.

The wavelet transforms (WT), as a powerful and

capable time–frequency method in biosignals analy-

sis, denoising, and compressing, have two forms:

continuous wavelet transforms (CWT) and discrete

wavelet transforms (DWT) [24–27]. This method has

been applied for multi-domain processing of biosig-

nals such as electromyogram (EMG), electroen-

cephalogram (EEG), and electrocardiogram (ECG),

but it is rarely used in vision biosignals [24]. So far,

electroretinogram signals (ERG), multifocal elec-

troretinogram (mfERG), and PERG have been ana-

lyzed using the wavelet transform [27–37].

In a study by Rogala et al. on DWT, normal and

glaucomatous PERG signals were analyzed using the

Daubechies mother wavelet. The DWT features were

shown to be more effective than traditional time

domain features in separating normal and pathological

PERG waveforms using the k-means clustering algo-

rithm [27]. The DWT allows extraction of more

components and new descriptors of ERG waveforms

rather than time domain and CWT; thus, time domain

analysis of the retinal function should be comple-

mented by DWT descriptors, especially in challenging

diagnoses [28–30]. Discrete wavelet decomposition of

mfERG in time windows provided markers for

detection of glaucoma [32]. Investigations have

showed that reconstruction of mfERG in different

frequency bands is more sensitive than the Humphrey

visual field test [34], and packet wavelet

decomposition of mfERG which leads to new markers

is more reliable than automate perimetry [35].

Wavelet analysis of the ERG waveforms proposed

the electroretinographic index (ERI) from entropy

parameters which is useful for distinguishing normal

from pathological cases [38].

The PERG components may differentiate normal

from pathologic signals and may be used for early

detection of glaucoma [26, 27]. In this article, by

evaluation of approximation and detail coefficients

and scalograms of different algorithms, we focused on

finding the features and descriptors of the DWT of the

PERG which may help with more precise early

detection of glaucoma.

Method

This study included 30 eyes of 15 patients with early

POAG who were aged from 22 to 63 years (mean ±

SD, 46.97 ± 13.3 years) and 30 age-matched healthy

eyes.

All participants had to have best-corrected visual

acuity (BCVA) of C 20/30. They were categorized as

normal and POAG groups. The inclusion criteria for

normal individuals were normal optic disk looking,

IOP\ 21 mmHg, and normal 24-2 Swedish interac-

tive threshold algorithm (SITA) standard achromatic

perimetry (SAP). POAG patients were diagnosed by

an open angle in gonioscopy, a glaucomatous optic

nerve change associated with visual field defect in the

presence of two or three following criteria: outside

normal limits (ONL) glaucoma hemifield test (GHT),

pattern standard deviation (PSD) probability less than

5%, and a cluster of three points on the pattern

deviation plot with P values less than 5% including

one point with P value less than 1%. Eyes with closed-

angle glaucoma, advanced visual field loss, high

myopia ([ 5D), unreliable visual field data (fixation

losses [ 33%, false positive and false negative

[ 20%), ocular or systemic abnormalities such as

diabetes mellitus, previous intraocular surgery (except

for any uncomplicated cataract or strabismus surgery)

were excluded.

Comprehensive ophthalmic tests, including BCVA

measurement, dry refraction, determination of IOP

with Goldmann applanation tonometry, pachymetry,

slit-lamp biomicroscopy, gonioscopy, dilated fundus

examination, OCT, SAP (Humphrey field analyzer
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750, SITA 24-2, Carl Zeiss Meditec, Dublin, CA,

USA), were performed for all participants.

Considering the ISCEV protocol, the transient

PERG responses in both groups were evaluated by

the Retiport System (Roland Consult Company,

Germany) in response to 0.8� and 16� black and white
checkerboard stimuli with a constant mean luminance

of 120 cd/m2, contrast of 99%, and temporal fre-

quency of 4 Hz and were stored at a sampling

frequency of 2839 Hz using 512 samples. Figure 1

shows the recorded normal and abnormal PERG in the

time domain.

In order to perform time–frequency domain anal-

ysis, data were transported to the MATLAB software

(MATLAB R2015b). After measuring the amplitudes

and latencies in the time domain, normalization and

discrete wavelet transform were carried out using the

Wavelet Toolbox.

Wavelet transform is one of the most useful

analysis methods for signal dynamic extraction.

Wavelet is just like a multilevel magnifier and helps

us to recognize events with different sizes and time

occurrences. This is what we need to characterize

PERG for optimizing the diagnosis of early primary

open-angle glaucoma (POAG).

Discrete wavelet transform (DWT) is an efficient

method introduced by Mallat which is performed

dyadically. Thus, the scale a and translation b are

integers in the power of 2 and can be discrete as

follows:

Tm;n ¼
Zþ1

�1

x tð Þ2�m=2W 2�mt � nð Þdt

where Tm;n denotes localized wavelet coefficients in

the discrete scale m (frequency) and discrete moment

n (time), x(t) represents the original signal in the time

domain, and W designates the wavelet function

[38, 39].

After a full decomposition, the energy content of

the coefficients at each scale is computed by:

Em ¼
X2M�m�1

n¼0

Tm;n
� �2

where Tm,n is discrete wavelet transform,m is the scale

integer, and n controls wavelet translation. Summation

of squared detail coefficients and the square of the

remaining approximation coefficients (SM,0) is equal

to the total energy of the input signal, as follows [29]:

Fig. 1 Descriptors extracted from the DWT scalograms. Right:

0.8� check size, db4 scalogram and left: 16�stimuli, sym7

scalogram. 7P and 7N in level 7 and 6P in level 6 (regions with

white borders) include a single wavelet coefficient and equal to

energy percentage of single wavelet coefficient to total level

energy. A jet color map is used in which the darkest red color

corresponds to maximal energy (high wavelet coefficients) and

the darkest blue color denotes minimal energy (color bars placed

on the right-hand side of each scalogram)
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E ¼ SM;0

� �2þXM
m¼1

X2M�m�1

n¼0

Tm;n
� �2

In the present study, in order to compare signals in

different subjects before implementing wavelet trans-

form, all signals were normalized as follows:

Xi;�2 to þ2 ¼ 2
Xi � 1

2
Xmax þ Xminð Þ

1
2
Xmax � Xminð Þ

where Xi is �ith input, Xmin represents the minimum

input, Xmax is the maximum input, and Xi;�2 to þ2

denotes the normalized data between - 2 and ? 2.

Wavelet functions essayed to analyze the PERG

waveforms were db4, db8, sym5, sym7, and coif5.

Since frequencies covered by levels 1, 2, 3, 4, and 5

were higher than the PERG frequencies, the coeffi-

cients of these bands were discarded in all cases. The

mean value, standard deviation, and relative energy of

d6, d7, and a7 of all the above wavelets were extracted.

Scalogram of DWT is a method for local time–

frequency energy visualization of input signal. It gives

remarkable information about the behavior of patterns

existing on signals over time changes. The DWT

scalogram is represented by three axes, i.e., axis

X (time), axis Y (frequency or scale), and axis

Z (wavelet coefficient value or energy), represented

by different colors. Deep dark red rectangles indicate

high energy components (higher wavelet coefficients)

of the DWT scalogram, and the blue scale denotes low

energy components. Time intervals and frequency of

signal components and energy distribution of wavelet

coefficients can be identified by scalogram analysis

[28, 29, 33, 36].

We calculated the energy percentage of a single

wavelet coefficient to the total energy level in

predetermined time intervals in levels 6 and 7 (low

frequency) for all above-mentioned wavelets for both

stimuli. With respect to the results of components

extracted from the DWT scalograms of normal

waveforms, normal and abnormal groups were com-

pared only for wavelets with the highest energy.

Finally, signal reconstruction was done with level 6

and summation of level 6 and 7 coefficients using

wavelets with the maximum value of descriptors.

After assessment of the normal distribution of the data

of time domain, coefficients domain, and DWT descrip-

tors using the SPSS 22 software, the data were compared

between normal and patient groups by Mann–Whitney

test. Finally, Spearman correlation coefficients were

used in order to compare the similarities between

reconstructed signals and PERG waveforms.

Results

Results obtained in time domain analysis (Table 1a)

showed a significant reduction in N95 amplitude in

Table 1 a) Meaningful results of comparison of mean value of

amplitudes and latencies between normal and abnormal signals

in time domain analysis, b) meaningful results of comparison

of mean value, standard deviation, and relative energy of d6,

d7, and a7 of DWT of the PERG waveforms

Patient (mean ± SD) Normal (mean ± SD) P value

a)

N95 amplitude (lV) 9.78 ± 2.50 11.11 ± 2.62 0.047 S B–W

N95 amplitude (lV) 8.78 ± 3.10 11.68 ± 3.95 0.012 L B–W

Patient (mean ± SD) Normal (mean ± SD) Frequency range (Hz) P value Wavelet

b)

%(E_a7* /Et) 8.68% ± 0.016 7.30% ± 0.035 0–11.08 0.036 db8 S B–W

%(E_d7** /Et) 2.80% ± 0.0070 3.18% ± 0.0066 11.08–22.17 0.049 coif5 L B–W

STD_d7*** 0.9555 ± 0.0300 0.9314 ± 0.0248 11.08–22.17 0.026 sym5 L B–W

Et total energy, S B–W Small (0.8�) Black–White check size, L B–W Large (16�) Black–White check size

*E_a7: Energy of approximation coefficients level 7

** E_d7: Energy of detail coefficients level 7

***STD d7: Standard Deviation of detail coefficients level 7
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both stimuli (P\ 0.05). However, there was no

statistically significant difference in N95 latency and

also implicit time and amplitude of P50 (P[ 0.1).

In the present study, the mean value and standard

deviation of d6, d7, and a7 and also the percentage of the

relative energy of these coefficients obtained by the

DWT of the mentioned wavelets of the PERG signals in

both normal and POAG subjects in response to 0.8� and
16� stimuli were compared. Table 1b shows significant

differences of these comparisons. As shown in

Table 1b, comparison of the mean value of detail

coefficients in both stimuli showed no significant

difference between healthy and glaucomatous subjects.

In smaller stimuli, the a7 relative energy of db8 wavelet

was considerably higher in patients than controls.

In the 16� check size, the d7 relative energy of coif5
wavelet decreased significantly in POAG patients; in

addition, the d7 standard deviation of sym5 wavelet in

normal eyes showed a marked increase (P\ 0.05).

As shown in Fig. 1, the DWT scalograms of PERG

signals decomposed them into seven frequency bands.

Scalogram analysis facilitates selection of coefficients

related to peaks. In both stimuli, three major frequency

components (6P, 7P, 7N) were identified in the time–

frequency domain (Fig. 1). In small stimuli, theDWTof

healthy signals showed that the energy percentage of

P50 in level 6 (P6) in sym7, db4, coif5, db8, and sym5

wavelets was 64.88% ± 10.01, 61.88% ± 20.27,

45.17% ± 20.88, 39.03% ± 17.31, and 29.51% ±

10.07, respectively. Descriptor of P50 in level 7 (7P)

had amaximumvalue in sym7 analysis, and its values in

db4, sym5, db8, and coif5 were 50.78% ± 11.61,

41.16% ± 14.71, 11.19% ± 5.41, and 5.31% ± 3.56,

respectively. The energy percentage of N95 (7N) was

much lower than P50 and could only be separated in

level 7. Db8 showed the highest amount of 7N among

wavelets. 7Nwas 7.90% ± 5.79 for db4, 2.88% ± 2.33

for sym7, 2.48% ± 2.42 for sym5, and 0.45% ± 0.43

for coif5. In large stimuli, 6P and 7P had their highest

values in sym5, followed by sym7 with

34.86% ± 23.54 (6P) and 49.11% ± 16.77 (7P). 7N

showed the maximum value in sym7 followed by db4

(7.84% ± 4.58).

Table 2 shows the results of the comparison of

descriptors between healthy and patient groups. The

results revealed that 6P and 7P could not discriminate

normal from abnormal signals. The only considerable

difference was seen in 7N obtained by db8 analysis in

small check (Fig. 2) (P\ 0.05). These results are in

agreement with time domain and coefficients domain

results.

Applying inverse DWT, signal reconstruction was

performed by summating level 6 and 7 coefficients

using sym7 in 0.8� and sym5 in 16� check size. Figure 3

represents reconstructed signals. Spearman analysis

showed a strong (r = 0.99) significant correlation

(P\ 0.000) between the original signal and the recon-

structed one.

Discussion

The PERG can reveal trivial changes in electrical

activities of retinal ganglion cells. However, since the

Table 2 a) Results of comparison of extracted descriptors of

P50 (6P, 7P) from sym7 scalogram analysis and main

component of N95 (7N) by db8 scalogram analysis for 0.8�
stimuli, b) results of comparison of extracted components of

P50 (6P, 7P) from sym5 scalogram analysis, and main

component of N95 (7N) by sym7 scalogram analysis for 16�
stimuli

Descriptor Frequency band (Hz) Time interval (ms) Patient (mean ± SD) Normal (mean ± SD) P value

a)

6P 44.35–22.17 45–67.5 65.05% ± 14.96 64.88% ± 10.01 0.961

7P 11.08–22.17 45–90 87.80% ± 9.47 85.36% ± 11.03 0.365

7N 11.08–22.17 90–135 11.71% ± 4.66 8.89% ± 4.17 0.020*

b)

6P 44.35–22.17 45–67.5 40.95% ± 10.94 37.51% ± 9.59 0.32

7P 11.08–22.17 45–90 73.89% ± 10.91 72.79% ± 19.80 0.68

7N 11.08–22.17 90–135 8.32%± 4.69 9.98% ± 5.22 0.22

*Statistically significant difference from normal control
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PERG is a global response and many recorded signals

are affected by various factors, these changes may be

too small in disease conditions to be detected. The

traditional methods of measuring signal parameters

may lead to considerable errors in many cases and

precise peak localization is difficult [19]. In this paper,

in order to find features which help to localize the

peaks more precisely and to improve early diagnosis,

Fig. 2 Meaningful difference of 7N between healthy and

pathological small stimuli signals extracted from DWT scalo-

grams using db8 (right: normal, left: patient). Deep dark red

rectangles show higher energy components (high wavelet

coefficients) of the DWT scalogram and blue ones denote low

energy (color bars placed on the right-hand side of each

scalogram)

Fig. 3 Reconstructed signal by sym7 (left: small stimuli) and sym5 (right: large stimuli)
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we performed the DWT of the PERG signals of POAG

patients and normal subjects. So far, only Rogala and

Brykalski [27] have used discrete wavelet transform to

review the PERG waveforms. They suggested a new

method of preprocessing of PERG signals. Compar-

ison of normal and glaucomatous PERG waveforms

using the DWT showed that the DWT features were

more effective than traditional time domain ones in

differentiating normal and pathological PERG wave-

forms using the k-means clustering algorithm. More-

over, the misclassification rate ranges from 55 to 60%

for traditional time domain parameters and 34–36%

for the DWT [27].

In agreement with previous investigations which

showed the glaucomatous PERG amplitude was

significantly lower than normal [13, 40–45], the

results of time domain analysis in both checks

(Table 1a) in this study also showed a marked

reduction in N95 amplitude in eyes with glaucoma.

However, the amplitude and latency of P50 peak in

both checks had no significant changes in the patient

group. Jafarzadehpur et al. showed that the N95

amplitude decreased in primary open-angle glaucoma,

whereas the amplitude and implicit time of P50

showed no observable changes [43]. Demir et al.

demonstrated that N95 amplitude reduction is greater

than P50 amplitude, and these reductions are in

agreement with retinal neuronal fiber layer (RNFL)

thinning that are evaluated by OCT and are correlated

with visual field sensitivity loss in POAG patients

[44]. Parisi et al. found significant correlations

between N95 amplitude and RNFL thickness in

OAG eyes only by using 150 (0.25�) check size in

glaucomatous eyes. Moreover, the RNFL values

correlated well with corrected pattern standard devi-

ation HFA in these patients [17]. The decrease in N95

amplitude was reported in open-angle glaucoma

which showed significant correlations with Humphrey

field analyzer 24-2 mean deviation (HFA 24-2 MD). It

has been offered that in OAG eyes, the PERG N95

amplitude reduction may indicate impairment in the

function of the innermost retinal layers [16]. More-

over, N95 originates from ganglion cells and its

amplitude may measure ganglion cells population

indirectly, and a reduction in its amplitude correlates

with the severity of glaucoma [44].

The main concern in wavelet decomposition is

selection of appropriate mother wavelet, because

computing wavelet coefficients directly depend on

the mother wavelet function shape [46]. In 2005,

Rogala et al. compressed the PERG signals using

different wavelets and substituted fourth level approx-

imation for original signal. They ultimately compared

the compression efficiency of different wavelets [27].

Therefore, db4, db8, sym5, sym7, and coif5 wavelets,

which had higher efficiency, were used in this study.

As shown in Table 1b, the relative energy of a7 in

db8 was 8.68% ± 0.016 in the glaucomatous group

and 7.30% ± 0.035 in the normal group. This signif-

icant increase (P\ 0.05) may indicate the retinal

mechanism disruption and neuronal pathways alter-

ation due to the disease. Sunga and Enoch assessed the

visual field of glaucoma patients using a method

described by Westheimer and found out that lateral

inhibition in normal areas was more than scotoma and

hypothesized that the reduction in glaucoma was a

result of the retrograde damage of synapses involved

in this process [46]. Montolio et al. compared lateral

inhibition between normal and glaucoma subjects, and

the results showed retrograde reduction in lateral

inhibition [47]. On the other hand, the excitotoxicity

hypothesis states that in POAG, glutamate released

from postsynaptic neurons stimulates ionotropic

receptors on postsynaptic neurons (RGCs) and causes

excitatory postsynaptic currents and activation of

voltage-gated calcium channels [48, 49]. Thus, it is

very probable that increased energy of a7 in the

frequency range of N95 is related to decrease lateral

inhibition and increased postsynaptic current. How-

ever, the amplitude may increase or decrease in a

specific peak, but the energy that is distributed in a

specific window may decrease or increase despite the

peak in the specific window.

The results of this study showed amplitude reduc-

tion in time domain, whereas the relative energy

increased in the time–frequency domain. It can be

proposed that the amplitude decreases because of

localized reduction in neurons, while the energy

increases due to attribution of different neurons.

‘‘Amplitude is not additive along the frequency axis’’

[50], indicating that if you record an electrophysio-

logical signal, the peaks and troughs show specific cell

responses. However, in disease situations, the cells do

not respond normally and lateral inhibition does not

occur as in normal cells; therefore, some cells are not

inhibited. However, in the time–frequency domain

and in the DWT, ‘‘the total power in the frequency

domain is obtained by integration over the frequency
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range’’ [50]. Therefore, integrated responses of the

cells, which are partly inhibited in normal subjects,

may lead to an augmentation in the relative energy.

The results of signal analysis using coif5 showed a

marked decline in the relative energy of d7 in larger

stimuli (P\ 0.05). According to the frequency range

of this band which contains both P50 and N95 peaks,

energy reduction may indicate that the existing cells

have poorer responses to 16� stimuli in patients with

POAG.

The considerable increase in d7 standard deviation

of sym5 wavelet in glaucoma subjects may demon-

strate dedicative cell operation in normal subjects and

variety in activated cells and more undedicated cell

function in the glaucoma group (Table 1). The non-

specific function of some cells leads to similar results

in both normal and patient groups in the time domain,

time–frequency, and frequency domain. This point

can be confirmed by increased variance.

In both 0.8� and 16� stimuli, the P50 and N95 peaks

were determined in DWT scalograms (Fig. 1) by

distinct components located in the level 6 (6P

descriptor) at 22.17 Hz and in the level 7 (7P and 7N

descriptors) at 11.08 Hz. These descriptors included a

single wavelet coefficient. Gauvin et al. used the DWT

scalograms of the photopic ERG signal to identify

descriptors which characterized a-wave, b-wave, and

Ops in temporal windows and frequency bands [28].

Their novel DWT descriptors for 20a, 40a, and 20b

comprised a single wavelet coefficient in levels 6 and 7

(i.e., rectangle), while other descriptors included

several coefficients [28, 29]. Their results showed

that the ERG analysis was more complete in the time–

frequency domain, and the DWT descriptors could be

used as a complement to time domain analysis of the

ERG [28, 29]. In 2017, Gauvin et al. showed that the

DWT descriptors offered a rapid and easy approach

for determination of ON and OFF pathways in short-

flash ERGs [37]. Miguel et al. identified markers for

detection of glaucoma by discrete wavelet transform

of mfERG in time windows [32]. In 2010, they used

the DWT decomposition to reconstruct mfERG

signals and indicated higher sensitivity of this method

as compared to the Humphrey visual field test to detect

the changes in eyes with glaucoma [34].

In the present study, in analysis of normal signals of

the small check, sym7 and db4 showed higher

descriptor values of P50 and db8 could extract the

N95 descriptor better than others. It could be stated

that among five wavelets, these wavelet functions

were more efficient in characterizing and evaluating

P50 and N95 peaks. The results given in Table 2a

indicate that 7N descriptor can only discriminate

normal signals from patient signals which are in line

with the results of time domain and level 7 approx-

imation coefficients. Hence, the 7N descriptor derived

from db8 in 0.8� check size corresponds to the N95

peak. Therefore, N95 and 7N descriptor can be used

for early diagnosis of POAG. The differences between

the two groups were very subtle, which may be due to

the fact that our cases were very borderline (almost

normal).

In 16� stimuli, higher amounts of 6P and 7P

obtained by sym5 analysis of normal waveforms and

maximum value of 7N in sym7 analysis showed the

efficacy of these two wavelet functions among other

wavelets to identify the main components of the

PERG. However, there was no significant discrepancy

between control and patient groups. The obtained

results are in agreement with time domain results and

also previous studies, demonstrating the higher sensi-

tivity of 0.8� check size to glaucomatous ganglion cell

damage as compared to larger checks such as 16�
[13, 40, 51].

The wavelet transform is a successful and valuable

approach for analyzing biosignals. Investigations have

shown that WT of the PERG waveforms can define

amplitude parameters with improved accuracy, stabil-

ity, and reliability as compared to conventional

methods. DWT features suggest better separability

between normal and pathological PERG in contrast to

traditional time domain features [26, 27]. Therefore,

discrete wavelet transform of the PERG can be

performed to identify new features which help to

distinguish between normal and abnormal signals and

make a more precise and reliable diagnosis. The DWT

scalograms can localize major components of PERG

more precisely and extract them in time intervals and

frequency bands, leading to early detection of glau-

coma. In the present study, although 7N descriptor

extracted from db8 scalogram and some of the relative

energy and energy percentages had significant differ-

ences between patient and control groups, changes

were very small and hard to appreciate clinically given

the low effect size. Larger datasets and more samples

are needed to confirm the accuracy of the results.
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