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Abstract 
	
 

Glaucoma is a silent disease, and by the time patients are diagnosed, there is a 

significant vision loss, and the clinicians are left to deal with monitoring the disease 

progression. Therefore, early glaucoma detection would be the ultimate goal for 

researchers as well as clinicians. This study assessed the sensitivity and specificity of 

pattern electroretinography (PERG) and uniform field electroretinography (UF-ERG) in 

detecting glaucomatous changes using the Diagnosys D-341 Attaché-Envoy 

Electrophysiology System. One hundred eyes of 50 glaucoma patients, including 42 

glaucoma-suspect eyes, and 58 confirmed glaucoma eyes went through ophthalmic 

examination including PERG, UF-ERG (to measure the photopic negative response 

(PhNR)), Optical coherence tomography (OCT), and standard automated perimetry (SAP). 

The results were compared to 72 eyes of 36 healthy control subjects. PERG and PhNR 

parameters showed a significant decrease in the amplitude and longer latency in glaucoma 

suspects and glaucoma groups compared to the control group. The PhNR amplitude was 

more sensitive at detecting glaucomatous changes in the glaucoma suspect group than the 

PERG in terms of low amplitude. Furthermore, two different PERG tests showed a similar 

ability to recognize individuals without glaucomatous changes and PhNR amplitude and 

latency were able to identify people with and without glaucoma-related changes, 

respectively.  
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1-Introduction  

1.1 The Retina 
	

The retina covers the inner lining of the eye between the choroid and the vitreous 

(Figure 1.A). Histologically, the retina consists of two primary layers, the retinal pigment 

epithelium (RPE), and the neural layer (Figure 1.B). The outermost layer of the retina is 

the RPE (la Cour and Ehinger, 2005; Tortora, 2012). The neural retinal layer is in contact 

with the RPE and is itself composed of several layers. These layers include the outer 

segment, outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer 

(INL), inner plexiform layer (IPL) and the ganglion cell layer (GCL). The retinal ganglion 

cell (RGC) bodies form the GCL, and their axons make the retinal nerve fiber layer (RNFL) 

(la Cour and Ehinger, 2005; Remington, 2012; Tortora, 2012). Approximately, 66%-75% 

of cells residing in the GCL are RGCs, and amacrine cell bodies occupy the remaining 

space. RGC axons converge at the posterior part of the eye to form the optic nerve head 

(ONH) and exit the eye through the lamina cribrosa to form the optic nerve. The lamina 

cribrosa is a mesh-like structure which is vulnerable to the stresses imposed by intraocular 

pressure (IOP) in terms of compression, distortion, and transformation (Figure 2.I.A), 

(Michelessi et al., 2015; Quigley, 2011; Tortora, 2012; Weinreb et al., 2014).  
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Figure 1: Layers of the retina 

	
The figure shows a detailed structure of the back of the eye. (A) Cross section in the 

posterior part of the eye showing the retina and the optic nerve. (B) Magnification of the 

retina, showing the different retinal layers. (C) Light traverses the different layers of the 

retina (blue arrow) and generates an electrical signal (yellow arrow) that originates in the 

photoreceptors of the outer nuclear layer and is transmitted through the different layers of 

the retina and ultimately through the optic nerve to the brain (Mescher, 2016). 
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Figure 2: Cross section of the optic nerve and the retinal ganglion cells in a healthy 

eye (I) and in an eye with neurodegenerative effects due to glaucoma (II) 

(I)-(A) Detailed illustration of the optic disc and optic nerve. (B) RGCs in the GCL send 

their axons along the nerve fiber layer and into the optic nerve. (C) RGC axons traverse 

the lamina cribrosa to enter the optic nerve. (D) RGC axons ultimately synapse with 

neurons in the Lateral Geniculate Nucleus (LGN). (II)-(A) Glaucomatous changes are 

shown in the optic disc and optic nerve, including enlargement of the optic cup and 

compression and thinning of the lamina cribrosa. (B) RGC degeneration is evident at the 

edge of the optic disc (C) Distortion, and compression at the lamina cribrosa leads to loss 

of RGC axons. (D) Degeneration of LGN due to changes in RGCs axons (Weinreb et al., 

2014).  
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E 1.2 Glaucoma 

 

Glaucoma is considered as a long-term neurodegenerative disease (Davis et al., 

2016; Jonas et al., 2017; Sharma et al., 2008) with different underlying causes that leads to 

permanent blindness (Davis et al., 2016; Dong et al., 2016; Jonas et al., 2017; King et al., 

2013; Sharma et al., 2008). It is characterized by slow degeneration of RGCs that leads to 

changes in the ONH and the RNFL (Dong et al., 2016; Jonas et al., 2017; Nickells, 2012; 

Oddone et al., 2016; Sharma et al., 2008). The optic nerve head (also referred to as the 

optic disc) is composed of a rim and a shallow cup in the normal eye (see Figure 2.I.A). As 

RGCs degenerate in glaucoma, this leads to thinning of the RNFL and to increased 

‘cupping’ of the ONH (Harwerth et al., 2010; Sharma et al., 2008).  

 

1.2.1.  Pathophysiology 

	
Glaucoma begins when the connection between the RGC axon and the RGC body 

is affected either by a mechanical force or a vascular insufficiency; consequently, RGCs 

will atrophy (Figure 2.II.B) (Bach and Hoffmann, 2008; King et al., 2013). As a result, the 

RNFL declines in thickness and the cup to disc ratio increases (Figure 2.II.A). It has been 

suggested that high IOP affects the RGC axons before affecting the RGC body (Nickells, 

2012). Therefore, RGC axons lose their function, and this leads to the degeneration of the 

RGC bodies (Figure 2.II.D) (Nickells, 2012; Weinreb et al., 2014). About 1.5 million 

RGCs reside in the human retina. These cell counts drop by 0.4% annually due to aging, 

while glaucoma patients experience a 4% annual loss rate (Davis et al., 2016).  
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1.2.2.  Risk factors 

	

The anterior, as well as the posterior chambers of the eye, are filled with the 

aqueous humor fluid which is produced by the ciliary body (Figure 3.A). Aqueous humor 

passes through the pupil and drains through the trabecular meshwork that is situated at the 

iridocorneal angle. Any disturbance of the aqueous fluid outflow leads to elevated IOP 

(Figure 3.B.C) (Distelhorst and Hughes, 2003).  

 

Elevated IOP is considered the most significant risk factor for glaucoma. Age, sex, 

and ethnic background can also affect the progression of the disease (King et al., 2013; 

Randall and Melton, 2004; Von Thun Und Hohenstein-Blaul et al., 2017, 2017). It is 

believed that glaucoma can develop through a combination of different risk factors at the 

same time (Von Thun Und Hohenstein-Blaul et al., 2017).  

 

1.2.3.  Classification of glaucoma 

	

Glaucoma can be classified into two major groups (Weinreb et al., 2014) based on 

the anatomical changes in the drainage system at the iridocorneal angle (Figure 3.A) (King 

et al., 2013). The first group is called open-angle glaucoma (Figure 3.B), while the second 

group is called angle-closure glaucoma (Figure 3.C) (Weinreb et al., 2014). Both groups 

can also be classified as primary glaucoma without underlying causes. Secondary 

glaucoma can be caused by different conditions, including trauma, inflammation, tumor or 

medications such as corticosteroids (King et al., 2013; Weinreb et al., 2014). 
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Figure 3: The drainage pathway of the aqueous humor in a healthy eye (A), (B) open-

angle glaucoma, and closed-angle glaucoma (C) 

(A) Aqueous humor is excreted by the ciliary body, flows through the pupil and is drained 

through the trabecular meshwork in a healthy eye. (B) In open-angle glaucoma, the 

iridocorneal angle is open, but there is a limited outflow of aqueous humor through the 

trabecular meshwork. (C) In closed-angle glaucoma, the drainage pathway is obstructed, 

preventing aqueous humor outflow (Weinreb et al., 2014).  
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1.2.3.1.  Open-angle glaucoma 
 

In open-angle glaucoma, the iridocorneal angle looks normal (King et al., 2013), 

but there is a dysfunction in the drainage system, which causes aqueous outflow 

impairment and IOP upsurge (Figure 3.B) (Distelhorst and Hughes, 2003; King et al., 

2013). The progression of primary open glaucoma is slow, and it might take years to be 

symptomatic at the late stage (King et al., 2013). For this reason, the majority of the patients 

do not know that they have the disease and it goes untreated for long periods before 

diagnosis (Von Thun Und Hohenstein-Blaul et al., 2017). 

 

1.2.3.2.  Angle-closure glaucoma 
 

In angle-closure glaucoma, the anterior chamber is closed by the iris, so the aqueous 

humor cannot access the drainage system as it accumulates behind the iris and pushes the 

iris forward, which causes angle closure (Figure 3.C) (Distelhorst and Hughes, 2003; King 

et al., 2013; Patel and Patel, 2014; Weinreb et al., 2014). Similar to open-angle glaucoma, 

angle-closure glaucoma is primarily a silent disease without any symptoms until it reaches 

an advanced stage (Weinreb et al., 2014). However, in some patients, it can present as acute 

angle closure and be associated with pain and other ocular symptoms. The main risk factors 

for angle-closure glaucoma are female gender and Asian ethnicity. Furthermore, there are 

structural ocular risk factors, including shallow anterior chamber depth, thicker forward 

positioned lens, and short axial length (Patel and Patel, 2014; Weinreb et al., 2014). 
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1.2.4.  Prevalence  

	
Glaucoma is the second leading cause of blindness worldwide (Dong et al., 2016). 

It is speculated that about 70 million people globally have been diagnosed with glaucoma, 

and 10% of them are bilaterally blind (Weinreb et al., 2014). In the United States, 

approximately 2.5 million are affected by glaucoma, and 50% of them are unaware that 

they have the disease (Distelhorst and Hughes, 2003; Mantravadi and Vadhar, 2015). 

Primary open-angle glaucoma is the most common type in the Western world (Von Thun 

Und Hohenstein-Blaul et al., 2017), and it is estimated that 5.3 million people will be blind 

due to open-angle glaucoma by 2020 (Patel and Patel, 2014). Although the incidence of 

primary open-angle glaucoma is more common than primary angle closure glaucoma by a 

factor of six, the rate of bilateral blindness is higher in primary angle closure glaucoma 

(Jonas et al., 2017). Early glaucoma changes are indistinct, and practitioners find it 

challenging to define (Michelessi et al., 2015). Therefore, finding a reliable diagnostic 

method that has the ability to detect early glaucomatous changes would help clinicians and 

patients in terms of management and outcome (Quigley, 2011). 

	

1.2.5.  Diagnosis  

 

Glaucoma diagnosis relies on using a test that can recognize and measure vision 

abnormality as well as an RNFL defect (Harwerth et al., 2010). Although glaucoma 

detection necessitates comprehensive examination for both optic nerve disc and visual field 

(VF) changes, the majority of tests are considered inadequate to detect glaucoma (Von 

Thun Und Hohenstein-Blaul et al., 2017). Therefore, the majority of patients can have 
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glaucoma for more than a decade without being aware of it, and about 50% of the RGCs 

and axons can be lost before any detectable pathological changes occur (Von Thun Und 

Hohenstein-Blaul et al., 2017).  

 

Assessing VF by standard automated perimetry (SAP) is the classical way to 

diagnose and determine the advancement of glaucomatous neuropathy, but recently optical 

coherence tomography (OCT) has become the standard method (Harwerth et al., 2010). 

Both methods rely on comparing the result with an age-matched standard database, which 

can give an idea about RGC death. However, it is not enough to determine the stage of the 

disease (Harwerth et al., 2010).  

 

1.2.5.1.  Standard automated perimetry (SAP) 
 

Standard automated perimetry (SAP) is used to detect VF defects by evaluating the 

visual function of RGCs by assessing light sensitivity (Harwerth et al., 2010; Mavilio et 

al., 2015). It is considered the gold standard method for detecting the functional defect in 

glaucoma (Parikh et al., 2008). VF defects appear when there is any abnormality in the 

visual sensory pathway from the retinal photoreceptors to the visual cortex (Cassin, 1995). 

Moreover, SAP can detect glaucomatous defects only when 30-40 % of nerve fibers are 

lost (Dong et al., 2016; Mavilio et al., 2015). A typical printout from the SAP test is shown 

in Figure 4. The results contain general information about the patient and the test itself and 

show different patterns and plots for VF evaluation (Heijl and Patella, 2002). 
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Figure 4: Visual field result for the standard automated perimetry for the right eye 

of a healthy subject 
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The report shows different patterns and plots for VF evaluation. The Numeric pattern 

assesses retinal light sensitivity in decibels. The Grayscale pattern demonstrates the result 

in dark and light grayscale to demonstrate low and high light sensitivity, respectively. The 

numeric plot showing total and pattern deviation represents the results for the patient in 

terms of deviation from the normal standard data based on an age-matched control and as 

an identified defect in VF, respectively. Probability plot in terms of total and pattern 

deviation shows the places outside the normal and represents the results after removing any 

generalized defects. Reliability indices are used to make sure that the results are Quantified 

(Yaqub, 2012). VF indices give an idea about the degree of deviation from the normal field 

regarding values and shape by measuring mean deviation (MD) and pattern standard 

deviation (PSD). The above example is modified from a healthy volunteer medical report 

at the University of Ottawa Eye Institute. 
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1.2.5.2.  Optical coherence tomography (OCT) 
 

Optical coherence tomography (OCT) was introduced into the clinical setting in 

1991 (Dong et al., 2016; Leung, 2014) and since that time it has been used for detection of 

both glaucomatous damage and progression (Leung, 2014). OCT is a noninvasive tool with 

a high-resolution image (Denniston and Murray, 2006; Dong et al., 2016; Podoleanu, 2012) 

that can be produced as a cross-sectional image during the test (Dong et al., 2016; 

Podoleanu, 2012). OCT can visualize the retinal microstructure with a spatial resolution of 

2-3 microns (Figure 5.B) as well as the pathology of the retina (Figure 6.A, B) without 

taking a specimen (Wolfgang and Fujimoto, 2015). Recently, it was shown that OCT could 

detect abnormal RNFL thickness before VF defects appear, with a specificity of 95% 

(Harwerth et al., 2010; Mavilio et al., 2015). Although OCT is well established in clinical 

practice, and it gives an objective assessment of RGCs by calculating RNFL thickness 

(Figure 5.C, 6.C) (Harwerth et al., 2010; Mavilio et al., 2015), OCT cannot detect RNFL 

changes in advanced glaucoma, and the lowest reading that can be detected by OCT is 30 

μm even in end-stage glaucoma with no light perception (Leung, 2014).  
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Figure 5: OCT report for the right and the left eyes of a healthy subject 

(A) Images identify the site of the scan around the optic disc in the right eye (OD) and left 

eye (OS). (B) Cross section of the retina shows the retinal layers. (C) Black line 

demonstrates the normal range of RNFL thickness in each region and compares it with 

normative data. Images are modified from a healthy subject medical record at the 

University of Ottawa Eye Institute. 
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Figure 6: OCT report for a glaucoma patient for the right and the left eyes 

(A) Images show optic nerve head cupping. (B) Cross sections of the retina reveal changes 

in the retinal layers (C) Black line shows that RNFL thickness is below the normal range. 

Images modified from a medical record of glaucoma patient at the University of Ottawa 

Eye Institute. 
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1.2.6.  Management 

	
The main aims of glaucoma treatment are delaying the advancement of the disease 

and stabilizing the quality of life (Schuman et al., 2004; Weinreb et al., 2014). The only 

established way to treat glaucoma is to lower the elevated IOP through pharmacological or 

surgical means (Von Thun Und Hohenstein-Blaul et al., 2017; Weinreb et al., 2014). 

Moreover, it has been proposed that a reduction of as little as 1mmHg of IOP would reduce 

the risk of glaucoma progression by 10%-19% (Schuman et al., 2004). 

1.3.  Electroretinography (ERG)  

 

Electroretinography provides an objective measure of retinal function by recording 

the retinal electrical response to a flashing light stimulus (Carpi and Tomei, 2006; 

Heckenlively and Arden, 2006; Wilsey and Fortune, 2016). The first ERG was recorded in 

1865 by Swedish physiologist Holmgren on a frog (Jampol, 2001; Wachtmeister, 1998). 

Although the first electrophysiological human recording was carried out in 1877, clinical 

use of the ERG was not widespread until 1941 (Jampol, 2001).  

 

Clinical application of electroretinography has shown a significant improvement 

due to upgrades in the technology for ERG recording in the clinical setting, as well as an 

increased understanding of the relationship between the generation of the specific ERG 

components by specific retinal neurons (Heckenlively and Arden, 2006). 

Electroretinography started to be adopted in the middle of the twentieth century. At that 

time, comparing the data recorded at different sites was challenging since the ERG tests 



	 16	
	

were recorded under different conditions (Heckenlively and Arden, 2006). The 

International Society for Clinical Electroretinography of Vision (ISCEV) was aware of the 

importance of the standardization of the recording procedure, and the first clinical ERG 

standard was published in 1989 (Heckenlively and Arden, 2006). The Society developed 

the ISCEV standards to address different parameters of electroretinography including 

stimulation, electrodes, types of recording equipment, recording protocols, analysis and 

reporting results (Bach et al., 2013; Korth et al., 1993). Given that the components of the 

ERG response are representative of the activities of the various retinal layers (Korth, 1997; 

Smith et al., 2017; Wachtmeister, 1998; Wilsey and Fortune, 2016), the function of RGCs 

can be evaluated using ERG (Porciatti, 2015). 

 

1.3.1.  Types of Electroretinography 

1.3.1.1.  Pattern Electroretinogram (PERG) 

 

The pattern electroretinogram (PERG) is one of the electrophysiological methods 

that has been adopted to assess the performance of RGCs in humans and animals 

(Fiorentini et al., 1981; Mafei and Fiorentini, 1981; Ventura et al., 2005). The PERG is a 

noninvasive method that records the retinal response to a unique type of stimulus that takes 

the shape of a black and white checkerboard (Figure 7.A) or bars (Figure 7.B) that reverses 

throughout the test with constant mean luminance  (Jampol, 2001; Kreuz et al., 2014; Lam, 

2005; Luo and Frishman, 2011; Porciatti, 2015; Wilsey and Fortune, 2016). 
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The frequency of the stimulus is 1-8 Hz which is 2-16 reversals per second (r/s) 

(Bach and Hoffmann, 2008; Luo and Frishman, 2011; Miura et al., 2009). The PERG 

waveforms consist of three components (Figure 8). The first component is a small negative 

wave that peaks at 35ms (N35), the following one is a positive peak at 45-60 ms (P50), and 

the last component is a negative trough that can be detected at 90-100 ms (N95) (Figure 8) 

(Bach et al., 2013; Jampol, 2001). It is well known that P50 reflects the activity of both 

RGCs and other retinal cells, while the N95 response mainly detects RGC performance 

(Berninger and Schuurmans, 1985; Lam, 2005; Schuurmans and Berninger, 1985).  

 

In 1982, May et al. published the first article regarding the use of the PERG in 

glaucoma patients (Bach and Hoffmann, 2008; May et al., 1982) and since that time many 

researchers have detected glaucoma-related RGC dysfunction based on changes in the 

amplitude and timing of the waveforms (Kreuz et al., 2014; Roy et al., 1997). 
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Figure 7: PERG checkerboard and bars stimuli 

(A) The shape of the checkerboard stimulus in the alternating positions period (B) Similar 

to the checkerboard stimulus, the bars stimulus also alternates between light and dark bars. 

The images are modified from (Skalicky, 2016). 
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Figure 8: PERG waveforms 

Classical PERG waveforms are showing the N35, P50, and N95 components and 

identifying the cell origin of the P50 and P95 components. The images are modified from 

(Lam, 2005). 

 

 

 

 

 

 

 



	 20	
	

A partial decrease in the P50 response and a considerable drop in the N95 response 

was achieved in non-human primates following an intravitreal injection of tetrodotoxin 

(TTX), which is a substance that blocks RGC action potentials (Lam, 2005; Viswanathan 

et al., 2000). Moreover, induced glaucoma in non-human primates revealed a decrease in 

the amplitude of P50 and N95 which was accompanied by histological findings showing 

RGC damage (Johnson et al., 1989; Kreuz et al., 2014; Marx et al., 1986).  

 

Based on the advancements in PERG technology (Bach and Hoffmann, 2008), it is 

believed that the PERG has the potential to detect early glaucomatous damage with 

minimal VF defects (Bach et al., 2006; Hood et al., 2005; Luo and Frishman, 2011) and in 

patients with normal VF results (Bach and Hoffmann, 2008; Ventura et al., 2005). 

Furthermore, Banitt et al. found that glaucoma suspect patients with PERG amplitudes of 

≤	50% of the normal collected data had an increased chance of having a high deterioration 

rate in their RNFL thickness over the five year study period, which emphasizes the need 

for early intervention (Banitt et al., 2013; Jampol, 2001). PERG shows changes not only in 

clinically manifested glaucoma patients (Trick, 1992; Ventura et al., 2005; Wanger and 

Persson, 1983) but also in those patients with early glaucomatous changes (M. Bach, 2001; 

Sehi et al., 2010; Ventura et al., 2005). 

 

It is strongly believed that PERG clinical recordings should be based on ISCEV 

standards to ensure reliable results (Bach et al., 2013). ISCEV has not published any 

standard international ranges for PERG components primarily due to different clinical ERG 

instrumentation parameters producing different ranges of amplitude and timing of PERG 
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components. Consequently, each lab should have normative data based on their equipment 

and population (Bach et al., 2013).  

 

1.3.1.2.  Full-Field Electroretinogram  

	
The full-field electroretinogram is commonly used for retinal function testing and 

represents the activity of the entire outer retina in response to light flashes that are 

generated in a Ganzfeld dome (Birch DG and Anderson JL, 1992; Frishman et al., 1996; 

Lam, 2005; Sieving et al., 1986). Full-field ERG started to be used in the clinical setting in 

the 1940s, and in 1989 ISCEV published standards for full-field ERG recording (Lam, 

2005; Marmor and Zrenner, 1998). 

 

The uniform field electroretinogram (UF-ERG) is a particular type of full-field 

ERG that uses a single flash stimulus with a light background (Lam, 2005; Viswanathan et 

al., 2000). Primary research in the Frishman laboratory at the University of Houston with 

non-human primates using pharmacological blockage of spiking activity of the inner-

retinal neurons demonstrated the role of RGCs in generating the photopic negative 

response (PhNR) (Holder, 1987; Viswanathan et al., 2000). Moreover, in the Frishman lab, 

a modified PhNR was developed by using UF-ERG with a long duration stimulus (200 ms) 

(Figure 9.A) (Viswanathan et al., 1999). The long duration stimulus produces two separate 

responses, the PhNRon and PhNRoff responses, that come after b-wave and d-wave at light 

onset and light offset, respectively (Figure 9.A) (Evers and Gouras, 1986; Frishman et al., 

2018; Sieving et al., 1994; Viswanathan et al., 1999, 2000). Additionally, a short duration 

stimulus (£ 5ms), in the form of brief flashes, produces a- and b-waves followed by a 
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negative response PhNR, in which PhNRon and PhNRoff responses are essentially 

superimposed due to much shorter stimulus duration (5ms vs. 200 ms). (Figure 9.B) 

(Viswanathan et al., 1999, 2000).  

 

The a-wave reflects the activity of cone photoreceptors (Heynen and van Norren, 

1985; Viswanathan et al., 2001) and the b-wave represents the activity of cone bipolar cells 

(Sieving et al., 1994; Viswanathan et al., 2001). The PhNR is a slow negative response that 

comes after the b-wave as a result of cone stimulation by single flash using full-field ERG 

(Wilsey and Fortune, 2016) that reflects the function of RGCs as well as their axons in both 

humans and non-human primates (Frishman et al., 2018; Kinoshita et al., 2016; 

Viswanathan et al., 1999, 2000, 2001). Recently, ISCEV has published a protocol for full 

field PhNR recording, which includes the recommended stimulus parameters (Frishman et 

al., 2018).  

 

A relation between the response from both PERG and UF-ERG had been recorded 

from experimental glaucoma, and it is believed that the response is related to a decrease in 

the spiking activity of RGCs as well as their axons (Holder, 1987; Viswanathan et al., 

2000). Electrical activities within RGCs and optic nerve do not contribute to generating a- 

or b-waves. Therefore, glaucoma which mostly affects RGCs does not diminish ERG a-

wave or b-wave amplitudes (Fishman, 1985; Viswanathan et al., 1999). 
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Figure 9: Uniform field ERG waveforms resulting from a long duration stimulus (A) 

and from a short duration stimulus (B)	

(A) The classical uniform field waveforms with PhNRon and PhNRoff responses to long 

duration stimulus. The image is modified from (Viswanathan et al., 2000). (B) The uniform 

field ERG waveforms (a-, b- waves and PhNR) generated using a short duration stimulus 

(5 ms). The image is modified from (Viswanathan et al., 2001).  

 

A       B 
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Pattern ERG studies have been recorded in the laboratory for decades, and the 

research literature has shown their value in early detection of RGC dysfunction related to 

glaucoma (Bach and Hoffmann, 2008; Wilsey and Fortune, 2016). Unlike the PERG, the 

PhNR is produced by a flash stimulus and also reflects RGC function in glaucoma (Wilsey 

and Fortune, 2016). Since PhNR is not affected by image clarity or steady fixation, it has 

significant advantages in the clinical setting and is becoming the preferred test in the 

laboratory.  

 

The changes in PERG and UF-ERG responses produced by experimental glaucoma 

are related and were found to be mainly a consequence of reduced spiking activity of RGCs 

and their axons. These findings suggest that UF-ERG could serve as a useful alternative to 

PERG in the assessment of clinical glaucomatous neuropathy (Viswanathan et al., 2000). 

To date, there are no published results related to the recording of UF-ERG in patients with 

glaucoma, and investigating this will be the main focus of this thesis. 

 

 

 

 

 

 



	 25	
	

1.4.  Hypothesis and Objectives:  

1.4.1.  Description of rationales and hypotheses 

	
The following study was carried out at the University of Ottawa Eye Institute. This 

study investigated the potential of using the Diagnosys D-341 Attaché-Envoy 

Electrophysiology System to conduct PERGs and UF-ERGs to detect early changes in 

glaucoma, and to determine the sensitivity and specificity of these tests as a diagnostic tool. 

In order to investigate this, we included patients at two different stages of glaucoma disease 

progression as well as a control group. We examined the changes in PERG and UF-ERG 

parameters related to glaucoma in terms of a decrease in the amplitude, a delayed time 

component of the response, and the sensitivity and the specificity of both techniques.  

 

1.4.2.  The role of PERG and UF-ERG in glaucoma detection 

 

SAP and OCT are well established in the clinical setting as diagnostic tools to detect 

glaucomatous changes in the form of VF defects and decrease in RNFL thickness. 

However, both methods are not able to detect early changes in glaucoma. RGC dysfunction 

and loss are the primary causes of vision loss and eventual blindness in glaucoma. PERG 

and UF-ERG parameters, specifically N95 and PhNR respectively, reflect RGC activities. 

Therefore, using PERG and UF-ERG would not only detect these changes in the early stage 

of glaucoma but would also help to monitor the disease progression. PERG is well 

established as a complementary diagnostic tool for retinopathy related to glaucoma and 

other retinal diseases. UF-ERG, on the other hand, is newly introduced to the field, but it 
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shows great promise for the detection of RGC dysfunction. It has been tested on non-human 

primates with experimental glaucoma, and the results were promising as PhNR amplitude 

appeared to be decreased with experimental glaucoma. Furthermore, it has been 

documented that PhNR amplitude is reduced in glaucoma patients compared to healthy 

subjects (Frishman et al., 2018; Viswanathan et al., 1999).  

 

  UF-ERG recording does not necessitate refractive correction or clear optics which 

are both advantages over PERG recording requirements. Here, we investigate the potential 

of using UF-ERG as a diagnostic tool and determine its sensitivity and specificity in 

glaucoma detection. We utilized a new technology developed by Diagnosys LLC, the D-

341 Attaché-Envoy Electrophysiology System, which shows the advantage of being able 

to record both PERG checks and bars and UF-ERG in the same machine. Importantly, we 

followed the ISECV standards for both PERG, UF-ERG and PhNR of UF-ERG. 

 

1.4.3.  Hypotheses 

	

The hypotheses are:  

1) UF-ERG and PERG amplitudes will be decreased in glaucoma patients and will vary 

with disease progression, and  

2) the newer technology of UF-ERG will show equal or increased sensitivity and specificity 

for detection of glaucoma compared to PERG. 
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2-Material and Methods 
	

This research is part of a larger clinical protocol which is a prospective, 

interventional device study (#20160190 – Incorporation of the Diagnosys D-341 Attaché-

Envoy Electrophysiology Systems into the Clinical Setting), which was approved by the 

Ottawa Health Science Network Research Ethics Board (OHSN-REB) and was conducted 

at the University of Ottawa Eye Institute. The research took place at the University of 

Ottawa Eye Institute during the period from September 2017 to October 2018 on 50 

glaucoma patients (29 male and 21 female), including 41 glaucoma suspect eyes and 59 

eyes with confirmed glaucoma who were diagnosed based on a clinical examination and 

the results of both SAP and OCT.  

 

The patients were recruited from the glaucoma clinic at the Ottawa Hospital 

General and Riverside Campuses. Thirty-six normal control eyes (4 males and 14 females) 

that ranged in age from 20 – 75 years, who had IOP of 21mmHg or less with no history of 

high IOP were recruited by volunteer staff and family members. The recruited glaucoma 

subjects ranged in age from 20 to 87, and they had a visual acuity of 20/30 or better for 

each eye, and the test was done without pupil dilation. In this study, a comprehensive ocular 

exam was done on glaucoma patients by a senior ophthalmic resident or ophthalmologists 

in the clinic. PERG and UF-ERG were performed on both control and glaucoma subjects, 

while OCT and SAP were done on glaucoma subjects only. 
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2.1  Humphrey field analyzer 24-2 automated perimetry 

	
VF evaluation was done by using the Humphrey field analyzer II (Zeiss, Germany). 

Initially, each eye was examined separately to avoid the overlap from the other eye’s field 

(Cassin, 1995). During the recording, the machine was used under SITA-Standard strategy 

with white size III stimulus and background illumination of 31.5 apostilbs (ASB) =10.03 

cd/m2. The patient was instructed to maintain fixation throughout the test and to examine 

an area of 24 degrees around the fixation point. Brief dim points of light with different 

thresholds were projected on the perimeter surface, and the patient responded to these 

stimuli by pressing a button. The luminance of these points was varied such that a threshold 

of detection was determined for each point. The data were collected and categorized as 

reliable and unreliable results based on reliability indices, and the unreliable results were 

repeated. The final result was presented as patterns and probability plots (Cassin, 1995; 

Heijl and Patella, 2002). 

	

2.2  Spectral domain OCT  

	

Glaucoma patients had spectral OCT tests with undilated pupils using either the 

Heidelberg HRA+OCT (Heidelberg Engineering, Heidelberg, Germany) or the Cirrus HD-

OCT Model 500 (Carl Zeiss, Oberkochen, Germany). All potential glaucoma patients had 

a macular scan and RNFL thickness by the same instrument at the same session. The patient 

was asked to maintain fixation throughout the test. Spectral OCT used a source of light 

near the infrared spectrum to give a high-resolution cross-sectional image of the retina 

(Denniston and Murray, 2006). Patients who were examined on the Heidelberg HRA+OCT 
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system received a 3-D View Macular Raster Scan and the RNFL scan. Patients examined 

on the Cirrus HD-OCT had a 200x200 Macular cube and a 200x200 Optic Disk cube test. 

	

2.3  Uniform field electroretinography 

	

ERG was performed following the standard of the University of Ottawa Eye 

Institute clinical protocols. UF-ERG and PERG recordings were obtained with DTL micro 

conductive fiber electrodes (DTL-Plus™, Diagnosys LLC, Lowell, MA). Each electrode 

was placed across the lower bulbar conjunctiva at the limbal margin after administering 

one drop of ALCAINE® (proparacaine hydrochloride 0.5% w/v) in each eye. The ground 

electrode (535 Foam Electrodes, Kendall™) was placed on the frontal part of the right or 

left wrist after exfoliating the skin by Lemon Prep (Mavidon, Riviera Beach FL). Both 

electrodes were connected to the 32-bit amplifier electrode montage of the Envoy D352 

(Diagnosys LLC, Lowell, M) ERG system. Visual stimulation for both UF-ERG, PERG, 

and PhNR was provided by an 800x600 pixel OLED stimulator (Diagnosys LLC Lowell, 

Ma). UF-ERG luminance modulation subtended a 24x32 degree viewing angle producing 

a luminance of 300 cd/m2 for a 200 msec duration. 220 replications of 230 msec sweep 

duration were obtained at both stimulus onset and stimulus offset and averaged to produce 

the PhNRon and PhNRoff response. The on- and off-PhNRs are averaged together to form 

the UF-ERG PhNR.   
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2.4  Pattern electroretinography 

	
 PERG was recorded by the same electrodes that had been used for UF-ERG PhNR 

recordings. Each eye was stimulated separately by using checkerboard followed by bars 

stimuli from the Diagnosys D-341 Attaché-Envoy Electrophysiology System (Diagnoysys 

LLC, Lowell, MA). The checkerboard stimulus had a mean luminance of 300 cd/m2 with 

100% contrast and 0.8° check size. The response was recorded at a pattern-reversal rate of 

2 r/s. The bars stimuli had a mean luminance of 300 cd/m2 with 100% contrast and a spatial 

frequency of 0.5 cycles per degree. A total of 150 sweeps of 250 ms sweeps duration for 

checks stimuli, and 100 sweeps for bars stimuli were recorded and averaged for each eye. 

The candidates were advised to keep fixation by looking at the center of the OLED screen 

throughout the recording and were given blink breaks to reduce noise. The results of both 

PERG and UF-ERG were presented as waveforms and were reviewed by an 

electrophysiologist (Dr. Stuart Coupland). 

 

2.5  Statistical analysis 

	

2.5.1  PERG P50 and N95 checks and bars and UF-ERG 

 

PERG P50 and N95 amplitude and peak latency values for both checks and bars 

stimulation as well as UF-ERG waveform components of amplitude and peak latency were 

analyzed using Staview™ v.4.5 (Abacus Concepts), statistical analysis software. One way 

factorial analysis of variance (ANOVA) was performed comparing the control, glaucoma 
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suspects and glaucoma patients on the previously determined parameters. ANOVA main 

effects were determined using Fisher’s PLSD with p-value <0.05. Post hoc analysis of 

group comparisons was then performed. 

 

 

2.5.2  Sensitivity and specificity  

 

The sensitivity and specificity calculations are based on comparing the new 

diagnostic test to the gold standard test. When this comparison is made, there are four 

possible outcomes identified, and these are shown in a two by two (2X2) table (Figure 

10.A). The potential of the test to correctly identify patients that have the disease is defined 

as sensitivity, while the capability of the test to distinguish individuals who do not have the 

disease is known as specificity. Formulas for the calculation of sensitivity and specificity 

are found in Figure 10.B (Parikh et al., 2008).  
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Figure 10: Two by two table to calculate the sensitivity and the specificity 

	
(A) The figure shows the components of the 2X2 table based on the results of the gold 

standard test and the new diagnostic test. (B) Formulas for calculating the sensitivity and 

specificity of the new test are presented. (Parikh et al., 2008).  
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examination to PACG is therefore ñ

75 / 100 = 75%.

Specifi city (negative in health)
The ability of a test to correctly classify an individual as disease-
free is called the testís specifi city. [Table 2]

Specifi city = d / b+d
 = d (true negative) / b+d (true negative + false 

positive)
 = Probability of being test negative when disease 

absent.

Example: One hundred persons with normal angles 
(diagnosed by ëgold standardí: gonioscopy) are examined 
by peripheral angle chamber depth examination. Eighty-fi ve 
persons had normal peripheral angle chamber depth [Table 
3]. The specificity of the peripheral angle chamber depth 
examination to PACG is therefore ñ

85 / 100 = 85%.

Sensitivity and specificity are inversely proportional, 
meaning that as the sensitivity increases, the specificity 
decreases and vice versa. What do we mean by this? Let us 
say that an intraocular pressure (IOP) of ≥25 mmHg is test 

positive and <25 mmHg is test negative. Very few normal 
subjects would have IOP more than 25 mmHg, and hence the 
specifi city (NIH ñ negative in health) would be very high. But as 
a signifi cant number of glaucoma subjects would have an IOP 
<25 mmHg (remember that close to 50% of glaucomas detected 
in population are normal-tension glaucomas), the sensitivity 
(PID ñ positive in disease) of IOP >25 mmHg in the detection 
of glaucoma would be low. Suppose we take the IOP cutoff  for 
test positive to be 35 mmHg. Almost no normal subject would 
have this high an IOP, and the specifi city would be very high 
(>99%); and a highly specifi c test if positive (for example an IOP 
>35 mmHg), rules in the disease. Remember this as SpPIN: a 
highly Specifi c test if Positive, rules IN disease. Similarly, if we 
take a cutoff  of 12 mmHg, almost no glaucoma subject would 
have an IOP <12 mmHg (high sensitivity). An eye with an IOP 
<12 mmHg is extremely unlikely to have glaucoma. A highly 
sensitive test if negative, rules out the disease. Remember this 
as SnNOUT: a highly Sensitive test if Negative, rules OUT 
disease. (Almost all normals would have an IOP >12 mmHg, 
a very low specifi city; but that is a diff erent issue). Another 
example of SnNOUT would be the absence of venous pulsation 
in papilledema. The sensitivity of the sign ëabsence of venous 
pulsationí in the diagnosis of papilledema is 99%, and specifi city 
is 90%. So if venous pulsation is present, then we can apply 
SnNOUT and rule out papilledema. At that point in time, 
papilledema may be evolving and may still develop a few 
days or a week later; or patients may have papilledema, but the 
intracranial pressure at the time of examination is normal.

Positive Predictive Value (PPV)
It is the percentage of patients with a positive test who actually 
have the disease. In a 2 j 2 table [Table 1], cell ëaí is ëtrue positivesí 
and cell ëbí is ëfalse positives.í In real life situation, we do the new 
test fi rst and we do not have results of ëgold standardí available. 
We want to know how this new test is doing. PPV tells us about 
this ñ how many of test positives are true positives; and if this 
number is higher (as close to 100 as possible), then it suggests 
that this new test is doing as good as ëgold standard.í

PPV: = a / a+b
 = a (true positive) / a+b (true positive + false positive)

 = Probability (patient having disease when test is 
positive)

Example: We will use sensitivity and specifi city provided in 
Table 3 to calculate positive predictive value.

PPV = a (true positive) / a+b (true positive + false positive)
 = 75 / 75 + 15 = 75 / 90 = 83.3%

Table 1: Shows 2 / 2 (two-by-two) table

 Gold standard disease present Gold standard disease absent
Test positive True positives (TP) False positives (FP) Total test positives:

 a b a+b

Test negative False negative (FN)  True negatives (TN) Total test negatives:

 c d c+d

 Total diseased: Total normal: Total population:

 a+c  b+d a+b+c+d

Table 2: Calculation of sensitivity and specifi city

 Disease present Disease absent
Test positive a (TP) b (FP)

Test negative c (FN) d (TN)

 Sensitivity: Specifi city:

 a/ (a+c) d/ (b+d)
TP: True positive, FP: False positive, FN: False negative, TN: True negative

Table 3: Shows example for the calculation of sensitivity and 
specifi city

New test Gold standard
 Positive  Negative
Test +ve 75 15

Test ñve 25 85

Total 100 100
 Sensitivity: Specifi city:
 75/100  85/100
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46 Indian Journal of Ophthalmology Vol. 56 No. 1

examination to PACG is therefore ñ

75 / 100 = 75%.

Specifi city (negative in health)
The ability of a test to correctly classify an individual as disease-
free is called the testís specifi city. [Table 2]

Specifi city = d / b+d
 = d (true negative) / b+d (true negative + false 

positive)
 = Probability of being test negative when disease 

absent.

Example: One hundred persons with normal angles 
(diagnosed by ëgold standardí: gonioscopy) are examined 
by peripheral angle chamber depth examination. Eighty-fi ve 
persons had normal peripheral angle chamber depth [Table 
3]. The specificity of the peripheral angle chamber depth 
examination to PACG is therefore ñ

85 / 100 = 85%.

Sensitivity and specificity are inversely proportional, 
meaning that as the sensitivity increases, the specificity 
decreases and vice versa. What do we mean by this? Let us 
say that an intraocular pressure (IOP) of ≥25 mmHg is test 

positive and <25 mmHg is test negative. Very few normal 
subjects would have IOP more than 25 mmHg, and hence the 
specifi city (NIH ñ negative in health) would be very high. But as 
a signifi cant number of glaucoma subjects would have an IOP 
<25 mmHg (remember that close to 50% of glaucomas detected 
in population are normal-tension glaucomas), the sensitivity 
(PID ñ positive in disease) of IOP >25 mmHg in the detection 
of glaucoma would be low. Suppose we take the IOP cutoff  for 
test positive to be 35 mmHg. Almost no normal subject would 
have this high an IOP, and the specifi city would be very high 
(>99%); and a highly specifi c test if positive (for example an IOP 
>35 mmHg), rules in the disease. Remember this as SpPIN: a 
highly Specifi c test if Positive, rules IN disease. Similarly, if we 
take a cutoff  of 12 mmHg, almost no glaucoma subject would 
have an IOP <12 mmHg (high sensitivity). An eye with an IOP 
<12 mmHg is extremely unlikely to have glaucoma. A highly 
sensitive test if negative, rules out the disease. Remember this 
as SnNOUT: a highly Sensitive test if Negative, rules OUT 
disease. (Almost all normals would have an IOP >12 mmHg, 
a very low specifi city; but that is a diff erent issue). Another 
example of SnNOUT would be the absence of venous pulsation 
in papilledema. The sensitivity of the sign ëabsence of venous 
pulsationí in the diagnosis of papilledema is 99%, and specifi city 
is 90%. So if venous pulsation is present, then we can apply 
SnNOUT and rule out papilledema. At that point in time, 
papilledema may be evolving and may still develop a few 
days or a week later; or patients may have papilledema, but the 
intracranial pressure at the time of examination is normal.

Positive Predictive Value (PPV)
It is the percentage of patients with a positive test who actually 
have the disease. In a 2 j 2 table [Table 1], cell ëaí is ëtrue positivesí 
and cell ëbí is ëfalse positives.í In real life situation, we do the new 
test fi rst and we do not have results of ëgold standardí available. 
We want to know how this new test is doing. PPV tells us about 
this ñ how many of test positives are true positives; and if this 
number is higher (as close to 100 as possible), then it suggests 
that this new test is doing as good as ëgold standard.í

PPV: = a / a+b
 = a (true positive) / a+b (true positive + false positive)

 = Probability (patient having disease when test is 
positive)

Example: We will use sensitivity and specifi city provided in 
Table 3 to calculate positive predictive value.

PPV = a (true positive) / a+b (true positive + false positive)
 = 75 / 75 + 15 = 75 / 90 = 83.3%

Table 1: Shows 2 / 2 (two-by-two) table

 Gold standard disease present Gold standard disease absent
Test positive True positives (TP) False positives (FP) Total test positives:

 a b a+b

Test negative False negative (FN)  True negatives (TN) Total test negatives:

 c d c+d

 Total diseased: Total normal: Total population:

 a+c  b+d a+b+c+d

Table 2: Calculation of sensitivity and specifi city

 Disease present Disease absent
Test positive a (TP) b (FP)

Test negative c (FN) d (TN)

 Sensitivity: Specifi city:

 a/ (a+c) d/ (b+d)
TP: True positive, FP: False positive, FN: False negative, TN: True negative

Table 3: Shows example for the calculation of sensitivity and 
specifi city

New test Gold standard
 Positive  Negative
Test +ve 75 15

Test ñve 25 85

Total 100 100
 Sensitivity: Specifi city:
 75/100  85/100

[Downloaded free from http://www.ijo.in on Thursday, September 27, 2018, IP: 99.245.229.58]

A	
	
	

B	



	 33	
	

3-Results 

3.1  Pattern Electroretinogram  
	

 

In order to determine the effect of glaucoma on the PERG components, the two PERG 

tests (one using the alternating checkerboard pattern and the other using alternating bars) 

were carried out on the eyes of both glaucoma groups (N = 100) and the control group (N 

= 72). Glaucoma patients’ eyes were classified into glaucoma suspect (N = 42), and 

glaucoma (N = 58) groups based on IOP and SAP results. The results of each of the two 

PERG tests were analyzed in order to determine if both tests were equally reliable at 

identifying glaucoma and glaucoma suspect patients.   

 

3.1.1.  PERG checks N95 amplitude and latency detect changes in glaucoma patients  
 

The components of the PERG checkerboard test were recorded, and ANOVA revealed 

a trend in the P50 amplitude (Figure 11), although the trend did not reach significance. 

However, the N95 amplitude was significantly altered in the tested groups (P-value = 

0.0014) (Figure 12). Moreover, Fisher’s (PLSD) post-hoc analysis revealed a significant 

decrease in N95 amplitude between glaucoma suspect and control group (P-value = 0.0128) 

and glaucoma and control groups (P-value = 0.0006) (Figure 13). Similarly, ANOVA 

showed that the latencies of P50 and N95 components were affected in the experimental 

groups, and the results were statistically significant (P-values = 0.0009 and < 0.0001, 

respectively) (Figures 14, 15). Additionally, statistically significant results for the delay in 
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P50 latency were identified by Fisher’s post-hoc analysis between glaucoma suspect and 

control groups (P-value = 0.0012) and glaucoma and control groups (P-value = 0.0020) 

(Figure 16). 

With regards to N95 latency, a statistically significant increase in the time was 

identified by Fisher’s post-hoc analysis between glaucoma suspect and control groups (P-

value = 0.0001), and glaucoma and control groups (P-value < 0.0001) (Figure 17). 

Altogether, the data presented here suggest that PERG checks N95 amplitude and PERG 

checks for both P50 and N95 latency can detect changes related to glaucoma with a 

significant difference between glaucoma groups and the control group.  
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Figure 11: PERG checks P50 amplitude in the glaucoma groups and the control group  

PERG checks P50 amplitude showed a trend with ANOVA in the tested groups, but this 

trend did not reach significance. Error bars represent SD. 
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Figure 12: PERG checks N95 amplitude in the glaucoma groups and the control 

group 

ANOVA detected a statistically significant difference in N95 amplitude between the tested 

groups (P-value = 0.0014). Error bars represent SD. 
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Figure 13: Comparison of PERG checks N95 amplitude between glaucoma and the 

control groups 

Fisher’s post-hoc analysis revealed that PERG checks N95 amplitude changes for both 

glaucoma suspect and glaucoma groups were statistically reduced compared to the control 

group. Error bars represent SD. * = P-value < 0.05, *** = P-value < 0.001. 
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Figure 14: PERG checks P50 latency in the glaucoma groups and the control group 

ANOVA revealed statistically significant results in the latency of the P50 component for 

PERG checks between the tested groups (P-value = 0.0009). Error bars represent SD. 
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Figure 15: PERG checks N95 latency in the glaucoma groups and the control group.	

ANOVA revealed a statistically significant difference (P-value < 0.0001) in the latency of 

PERG checks N95 between the examined groups.  Error bars represent SD. 
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Figure 16: Comparison of PERG checks P50 latency between glaucoma and the 

control groups 

Fisher’s post-hoc analysis revealed that PERG checks P50 latency for both glaucoma 

suspect and glaucoma groups was significantly delayed in comparison to the control group. 

Error bars represent SD. ** = P-value < 0.01. 
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Figure 17: Comparison of PERG checks N95 latency between glaucoma and the 

control groups 

PERG checks N95 latency for each group was statistically delayed compared to the control 

group. Error bars represent SD. *** = P-value < 0.001. 
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3.1.2.  PERG bars N95 amplitude and latency detect changes in glaucoma patients  

 

Next, we investigated whether PERG bars components were being affected by 

glaucoma. In the same patients as tested above, there was a trend towards a lower amplitude 

for P50; however, the trend did not reach significance (Figure 18). A decrease in N95 

amplitude was observed in the tested groups by ANOVA with statistically significant 

results (P-value = 0.0005) (Figure 19). Also, a statistically significant decrease in the 

amplitude was documented by Fisher’s post-hoc analysis for the N95 amplitude with 

glaucoma suspect and control groups (P-value = 0.0031) and glaucoma and control groups 

(P-value = 0.0004) (Figure 20).  
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Figure 18: PERG bars P50 amplitude in the glaucoma groups and the control group 

ANOVA revealed that PERG bars P50 amplitude showed a trend towards lower values in 

the tested groups, but this trend did not reach significance. Error bars represent SD. 
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Figure 19: PERG bars N95 amplitude in the glaucoma groups and the control group 

ANOVA revealed a statistically significant difference between groups in the N95 

amplitude for PERG bars stimulus (P-value = 0.0005). Error bars represent SD. 
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Figure 20: Comparison of PERG bars N95 amplitude between glaucoma and the 

control groups 

Statistically significant results were detected by Fisher’s post-hoc analysis in both 

glaucoma suspect and glaucoma groups compared to the control group. Error bars represent 

SD. ** = P-value < 0.01, *** = P-value < 0.001. 
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For the PERG bars test, ANOVA revealed a significant difference between 

experimental groups for the latencies of both the P50 and N95 components (P-value = 

0.0053, and P-value < 0.0001, respectively). (Figures 21,22). However, when each of the 

components was examined separately by Fisher’s post-hoc analysis, it was shown that the 

P50 component only showed a statistically significant longer latency between glaucoma 

and control groups (P-value = 0.0012) (Figure 23), whereas, with N95 latency data, 

statistically significant results were recorded between glaucoma suspect and control groups 

(P-value = 0.0007), and glaucoma and control groups (P-value < 0.0001) (Figure 24).  

Altogether, these results suggest that PERG bars N95 amplitude and latency can 

detect changes related to glaucoma with a significant difference between glaucoma and 

glaucoma suspect groups and the control group. However, PERG bars P50 latency was 

able to identify changes only between the glaucoma groups and the control group. The 

amplitude and the latency values for both PERG P50 and N95 checks and bars is 

summarized in Table 1. 
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Figure 21: PERG bars P50 latency in the glaucoma groups and the control group	

ANOVA revealed statistically significant (P-value = 0.0053) differences between the 

experimental groups. Error bars represent SD. 
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Figure 22: PERG bars N95 latency in the glaucoma groups and the control group 

The latency of PERG bars N95 was delayed in the examined groups, and ANOVA revealed 

a statistically significant result (P-value < 0.0001). Error bars represent SD. 
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Figure 23: Comparison of PERG bars P50 latency between glaucoma and the control 

groups 

The PERG bars P50 latency detected significant changes between the glaucoma and the 

control groups, but no significant change was detected between glaucoma suspect and the 

control groups. Error bars represent SD. ** = P-value < 0.01. 
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Figure 24: Comparison of PERG bars N95 latency between the control and the 

glaucoma groups 

The PERG bars N95 latency detected changes between the control and each of the 

glaucoma groups. Error bars represent SD, *** = P-value < 0.001. 
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Table 1: The amplitude and the latency of PERG P50 and N95 checks and bars  

	
A summarized table of the amplitude and the latency values for PERG checks and bars P50 

and N95 components. 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Test ANOVA Glaucoma suspect 
and glaucoma groups 

Glaucoma suspect 
and control 

groups 
Glaucoma and 
control groups 

PERG checks P50 
amplitude N/S N/S N/S N/S 

PERG checks N95 
amplitude 0.0014 N/S 0.0128 (*) 0.0006 (***) 

PERG checks P50 
latency 0.0009 N/S 0.0012 (**) 0.0020 (**) 

PERG checks N95 
latency < 0.0001 N/S 0.0001 (***) <0.0001 (***) 

PERG bars P50 
amplitude N/S N/S N/S N/S 

PERG barsN95 
amplitude 0.0005 N/S 0.0031 (**) 0.0004 (***) 

PERG bars P50 latency 0.0053 N/S N/S 0.0012 (**) 

PERG bars N95 
latency < 0.0001 N/S 0.0007 (***) < 0.0001 (***) 

UF-ERG a-wave 
amplitude N/S N/S N/S N/S 

UF-ERG b-wave 
amplitude N/S N/S N/S N/S 

UF-ERG PhNR 
amplitude 0.0002 N/S 0.0009 (***) < 0.0001 (***) 

UF-ERG a-wave 
latency N/S N/S N/S N/S 

UF-ERG b-wave 
latency N/S N/S N/S N/S 

UF-ERG PhNR latency < 0.0001 N/S < 0.0001 (***) < 0.0001 (***) 

Visual field 
(MD) 0.0370 0.0370 (*) / / 

RNFL 0.0007 0.0007 (***) / / 
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3.1.3.  High specificity for PERG checks and bars N95 amplitude and latency  

	

The sensitivity of a test is its ability to correctly identify patients that have the 

disease based on a gold standard test for the diagnosis (in this case SAP). The specificity 

is the ability to identify patients that do not have the disease. The sensitivity and specificity 

were calculated using the two by two (2 X 2) table with cutoff values of two standard 

deviations from the mean value for both PERG parameters, while mean deviation (MD) 

was -6 dB based on the Canadian Glaucoma Guidelines for classifying glaucoma stages 

(Rafuse and Buys, 2009).  

 

In general, the specificity results were higher than sensitivity results for both PERG 

check and bars N95 for amplitude and latency. PERG checks N95 amplitude showed a 

sensitivity of 60% (i.e., it gave a positive result for 3 of 5 confirmed glaucoma cases), and 

a specificity of 89.18% (Table 1). N95 latency values showed 80% for sensitivity and 

91.6% for specificity (Table 2). For PERG bars N95 amplitude sensitivity was 66.6%, and 

specificity was 83.8% (Table 3). The sensitivity of PERG bars N95 latency was 60%, and 

the specificity was 97.8% (Table 4). The sensitivity and specificity values for PERG N95 

checks and bars are summarized in Table 5. Overall, our results revealed that PERG N95 

checks and bars amplitude and latency were able to identify patients without glaucomatous 

changes.  
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Table 2: Sensitivity and specificity of PERG checks N95 amplitude  

The table shows the cutoff values for N95 and MD with sensitivity and specificity results 

based on the results of both PERG checks N95 amplitude and SAP (Measured in MD).  

 

	

	
	
	
	
	
	
	
	
	

 
 
 
 
 
 
 
 
 
N95 cutoff < 2.1 µV 
MD cutoff < -6 dB 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity = 3/5 = 60% 
Specificity = 33/37 = 89.18% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Reference test 
SAP (MD) 

Positive Negative  

Target test 
N95 PERG checks 

amplitude 

Positive 3 (TP) 4 (FP) 

Negative 2 (FN) 33 (TN) 

Total 5 37 
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Table 3: Sensitivity and specificity of PERG checks N95 latency 

The table shows the cutoff values for N95 and MD with sensitivity and specificity results 

based on the results of both PERG checks N95 latency and SAP (Measured in MD).  

	

 

	
	
	
	
	
	
	
	
	
	
	
	

 
 
 
 
 
 
 
 
 
 
N95 cutoff > 98.7 ms 
MD cutoff < -6 dB 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity = 8/10 = 80% 
Specificity = 33/36 = 91.6% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Reference test 

SAP (MD) 
Positive Negative  

Target test 
N95 PERG checks 

latency 

Positive 8 (TP) 3 (FP) 

Negative 2 (FN) 33 (TN) 

Total 10 36 
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Table 4: Sensitivity and specificity of PERG bars N95 amplitude 

The table shows the cutoff values for N95 and MD with sensitivity and specificity results 

based on the results of both PERG bars N95 amplitude and SAP (Measured in MD).  

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

 
 
 
 
 
 
 
 
N95 cutoff < 3.77 µV 
MD cutoff < -6 dB 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity = 6/9 = 66.6% 
Specificity = 26/31 = 83.8%  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Reference test 
SAP (MD) 

Positive Negative  

Target test 
N95 PERG bars 

amplitude 

Positive 6 (TP) 5 (FP) 

Negative 3 (FN) 26 (TN) 

Total 9 31 
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Table 5: Sensitivity and specificity of PERG bars N95 latency 

The table shows the cutoff values for N95 and MD with sensitivity and specificity results 

based on the results of both PERG bars N95 latency and SAP (Measured in MD).  

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

 
 
 
 
 
 
 
 
 
N95 cutoff > 96.9 ms 
MD cutoff < -6 dB 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity = 6/10 = 60% 
Specificity = 46/47 = 97.8% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Reference test 
SAP (MD) 

Positive Negative  

Target test 
N95 PERG bars 

latency 

Positive 6 (TP) 1 (FP) 

Negative 4 (FN) 46 (TN) 

Total 10 47 
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Table 6: Sensitivity and specificity of PERG checks and bars for N95. 

A summarized table of the sensitivity and specificity values for PERG checks and bars N95 

components. 

 

 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

 
 
 
 
 
 
 
 

PERG parameters Sensitivity % Specificity % 

PERG Checks N95  
amplitude 

60% 89.18% 

PERG Checks N95  
latency 

80% 91.6% 

PERG bars N95  
amplitude 

66.6% 83.8% 

PERG bars N95 

latency 
60% 97.8% 

 
 
 
 

UF-ERG parameters Sensitivity % Specificity % 

PhNR amplitude 83.3% 69.7% 

PhNR latency 62.5% 96.7% 
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3.2.  Uniform Field Electroretinogram  

	

3.2.1.  Statistically significant decrease in PhNR amplitude in glaucoma groups 

	
	

In order to understand the effect of glaucoma on UF-ERG components, the UF-

ERG test was recorded in both glaucoma and control groups. The ANOVA results showed 

a trend towards lower amplitude for a-waves (Figure 25), but this did not reach statistical 

significance. The b-waves do not appear to be affected (Figure 26). This finding is 

consistent with the fact that the electrical activities within RGCs and optic nerve do not 

contribute to generating a- or b-waves. Therefore, glaucoma, which mostly affects RGCs 

does not diminish ERG a-wave or b-wave amplitudes (Fishman, 1985; Viswanathan et al., 

1999). PhNR amplitude, on the other hand, was significantly decreased in the tested groups 

(P-value of 0.0002) (Figures 27). Notably, there were significant differences with Fisher’s 

post-hoc analysis between glaucoma suspect and control groups (P-value of 0.0009) and 

the glaucoma group and control group (P-value of < 0.0001) (Figure 28). 

 

3.2.2.  Statistically significant delay in PhNR latency in glaucoma groups 

 

The latency of a- and b-waves for glaucoma patients do not appear to be affected 

in the experimental groups (Figures 29, 30). However, ANOVA revealed that PhNR 

latency was significantly increased in the examined groups (P-value <0.0001) (Figure 31). 

A post-hoc analysis revealed significant differences between the glaucoma suspect group 

and the control group as well as the glaucoma group and the control group (P-value of < 
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0.0001; Figure 32). Overall, our data demonstrate that the UF-ERG PhNR amplitude and 

latency were able to detect glaucomatous changes in the glaucoma groups compared to the 

control group. The amplitude and the latency values for a-wave, b-wave, and PhNR is 

summarized in Table 7. 
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Figure 25: UF-ERG a-wave amplitude in the glaucoma groups and the control group 

There appears to be a trend towards lower values in the a-wave in the examined groups, 

but ANOVA did not reveal statistically significant differences. Error bars represent SD.  
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Figure 26: UF-ERG b-wave amplitude in the glaucoma groups and the control group 

The amplitude of the b-wave does not appear to be affected in the examined groups by 

ANOVA. Error bars represent SD.  
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Figure 27: UF-ERG PhNR amplitude in the glaucoma group and the control group 

ANOVA showed a significant difference between the groups for the UF-ERG PhNR 

amplitude (P-value = 0.0002). Error bars represent SD. 
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Figure 28: Comparison of PhNR amplitude between glaucoma and the control groups 

Fisher’s Post-hoc analysis showed a significant reduction in UF-ERG PhNR amplitude 

between the glaucoma group and the control group and between the glaucoma suspect 

group and the control group. Error bars represent SD. *** = P-value < 0.001. 

 

. 
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Figure 29: UF-ERG a-wave latency in the glaucoma groups and the control group 

The latency of the a-wave does not appear to be different between the examined groups by 

ANOVA. Error bars represent SD. 
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Figure 30:  UF-ERG b-wave latency in the glaucoma groups and the control group 

The latency of the b-wave does not appear to be affected in the tested patients by ANOVA. 

Error bars represent SD. 
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Figure 31: UF-ERG PhNR latency in the glaucoma groups and the control group 

ANOVA revealed a significant difference between experimental groups for the latency of 

the PhNR (P-value < 0.0001). Error bars represent SD.  

 

 

 

 

 

 

 

 



	 67	
	

 
 

Figure 32: UF-ERG PhNR latency between the glaucoma groups and the control 

group 

Fisher’s post-hoc analysis detected UF-ERG PhNR prolonged latency between the 

glaucoma suspect group and the control group and between the glaucoma group and the 

control group. Error bars represent SD. *** = P-value < 0.001. 
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Test ANOVA Glaucoma suspect and 
glaucoma groups 

Glaucoma suspect 
and control groups 

Glaucoma and 
control groups 

UF-ERG a-
wave amplitude N/S N/S N/S N/S 

UF-ERG b-
wave amplitude N/S N/S N/S N/S 

UF-ERG PhNR 
amplitude 0.0002 N/S 0.0009 (***) < 0.0001 (***) 

UF-ERG a-
wave latency N/S N/S N/S N/S 

UF-ERG b-
wave latency N/S N/S N/S N/S 

UF-ERG PhNR 
latency < 0.0001 N/S < 0.0001 (***) < 0.0001 (***) 

 
	
Table 7: The amplitude and the latency of UF-ERG components 

	
A summarized table of the amplitude and the latency values for UF-ERG components. 
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3.2.3.  High sensitivity for PhNR amplitude and high specificity for PhNR latency  

	

PhNR amplitude showed a sensitivity of 83.3% and a specificity of 69.7% (Table 

8), while latency values were 62.5% for sensitivity and 96.7% for specificity (Table 9). 

Overall, our results demonstrated that PhNR amplitude was able to identify patients with 

glaucomatous changes and the PhNR time component had the ability to identify patients 

without glaucomatous changes. Sensitivity and specificity values for PhNR amplitude and 

latency are summarized in Table 10. 
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Table 8: Sensitivity and specificity of PhNR amplitude 

The table shows the cutoff values for PhNR amplitude and mean deviation (MD) with 

sensitivity and specificity results based on the results of both PhNR amplitude and SAP 

(Measured in MD).  

	

 

 

 
	
	
	

 
 
 
 
 
 
 
 
 
PhNR cutoff < 22.2 µV 
MD cutoff < -6 dB 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity = 5/6 = 83.3% 
Specificity = 30/43 = 69.7% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Reference test 
SAP (MD) 

Positive Negative  

Target test 
PhNR amplitude 

Positive 5 (TP) 13 (FP) 

Negative 1 (FN) 30 (TN) 

Total 6 43 
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Table 9: Sensitivity and specificity of PhNR latency 

The table shows the cutoff values for PhNR latency and MD with sensitivity and specificity 

results based on the results of both PhNR latency and SAP (Measured in MD).  

	

	
	
	
	
	
	
	
	
	
	
	
	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PhNR cutoff > 106 ms 
MD cutoff < -6 dB 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity = 5/8 = 62.5% 
Specificity = 30/31 = 96.7% 
 
 
 
 
 
 
 
 
 
 
 

 Reference test 
SAP (MD) 

Positive Negative  

Target test 
PhNR latency 

Positive 5 (TP) 1 (FP) 

Negative 3 (FN) 30 (TN) 

Total 8 31 
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Table 10: Sensitivity and specificity of PhNR amplitude and latency 

A summary table of the sensitivity and specificity values for PhNR amplitude and latency. 

 

 

 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

 
 
 
 
 
 
 
 

PERG parameters Sensitivity % Specificity % 

PERG Checks N95  
amplitude 

60% 89.18% 

PERG Checks N95  
latency 

80% 91.6% 

PERG bars N95  
amplitude 

66.6% 83.8% 

PERG bars N95 

latency 
60% 97.8% 

 
 
 
 

UF-ERG parameters Sensitivity % Specificity % 

PhNR amplitude 83.3% 69.7% 

PhNR latency 62.5% 96.7% 
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3.3. Comparison between PERG checks and bars N95 and PhNR 

parameters  

 

3.3.1.  PhNR can detect early glaucomatous changes  

 

Since PERG N95 (for both checks and bars) and PhNR reflect RGC activities (Lam, 

2005; Viswanathan et al., 2000), and we show above that both amplitude and latency of 

these tests are affected in glaucoma groups, we compared their effects side-by-side  in order 

to determine if one test is better at detecting glaucomatous changes relative to the others. 

The result of comparing the amplitude of PERG checks and bars for N95 and PhNR 

demonstrated that all the tests detected a low amplitude for glaucoma groups (Figure 33).  

 

PhNR was more sensitive in detecting glaucomatous changes in glaucoma suspect 

patients compared to PERG checks and bars stimuli (as shown by the lower P - value). 

PERG bars N95 had better ability in detecting glaucoma-related changes than PERG 

checks N95 in glaucoma suspect group. However, both PhNR and PERG checks and bars 

showed a similar ability to detect glaucomatous changes in the glaucoma group as is shown 

in Figure 33. Regarding the latency, PERG checks and bars N95 and PhNR recorded a 

delayed response as compared to the control group. A similar ability to detect glaucoma-

related changes in the form of longer latency was observed in glaucoma suspect and 

glaucoma groups with both PhNR and PERG checks and bars N95 (Figure 34). 

 



	 74	
	

Overall, the data showed that PhNR is more sensitive in detecting glaucomatous 

changes in the glaucoma suspect group in terms of low amplitude compared to PERG 

checks and bars N95 (Figure 33). Based on prolonged latency, PhNR and PERG checks 

and bars N95 did not show any difference in their ability to detect glaucomatous changes 

in the glaucoma suspect as well as glaucoma groups (Figure 34). 
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Figure 33: Comparison between PERG checks and bars N95 and PhNR amplitude 

PERG checks and bars N95 and PhNR detected glaucomatous changes in terms of low 

amplitude. PhNR showed statistically significant results with higher P-values than the other 

tests in the glaucoma suspect group compared to the control group. Error bars represent 

SD. * = P-value < 0.05, ** = P-value < 0.01, *** = P-value < 0.001. 
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Figure 34: Comparison between PERG checks and bars N95 and PhNR latency 

The latency of PERG checks and bars N95 and PhNR were delayed in the glaucoma groups 

with statistically significant results. Error bars represent SD. *** = P-value < 0.001. 
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3.4. Visual field mean deviation changes with glaucoma groups 

	
Visual field (VF) assessment is one of the standard diagnostic methods which is 

used by clinicians in diagnosing and monitoring glaucomatous changes (Miglior et al., 

1996). Fisher’s post-hoc results demonstrated that a statistically significant decline in MD 

was identified by SAP between glaucoma suspect and glaucoma groups (P-value = 0.0370) 

(Figure 35).  

 

3.5.  Retinal nerve fiber layer thinning is seen in glaucoma groups 

 

Optical coherence tomography (OCT) provides quantitative data for the clinicians 

through RNFL assessment. It is believed that OCT can detect glaucomatous retinal changes 

before any VF defects can be identified by SAP (Sharma et al., 2008). Based on our 

findings, a statistically significant decrease in RNFL thickness was identified by OCT, 

specifically between glaucoma suspect and glaucoma patients (P-value = 0.0007) (Figure 

36).  

	
	
	
	
	
	
	
	



	 78	
	

	
 

Figure 35: Visual field mean deviation between the glaucoma groups 

Visual field mean deviation value was statistically significant between glaucoma groups 

(P-Value 0.0370). Error bars represent SD. * = P-value < 0.05. 
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Figure 36: Retinal nerve fiber layer thickness between the glaucoma groups 

The RNFL thickness readings were statistically significant between glaucoma groups (P-

Value = 0.0007). Error bars represent SD. *** = P-value < 0.001. 
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4-Discussion  
	

In our study, the effects of glaucomatous changes on both PERG checks and bars 

and UF-ERG components were explored in terms of amplitude and latency. For the first 

time, we used the Diagnosys D-341 Attaché-Envoy Electrophysiology System to record 

both PERG checks and bars stimulation as well as UF-ERG in glaucoma suspect, glaucoma 

and control groups to detect glaucoma-related changes. 

 

Our findings showed that the PERG checks and bars N95 component showed 

significant changes in terms of lower amplitude and longer latency in the glaucoma suspect 

and glaucoma groups relative to the control group. However, the P50 component for PERG 

checks and bars showed only significantly longer latency. Regarding the UF-ERG test, 

PhNR showed a significant decrease in the amplitude and longer latency for the glaucoma 

suspect and glaucoma groups in comparison to the control. With regards to sensitivity and 

specificity, both PERG checks and bars N95 revealed a similar ability to recognize 

individuals without glaucomatous changes with both amplitude and latency parameters 

(i.e., had high specificity). On the other hand, PhNR was able to identify people with or 

without glaucomatous changes in the form of high amplitude sensitivity and high latency 

specificity. Notably, both PERG bars N95 and PhNR latency specificity (97.8% and 96.7% 

respectively) had the same potential to recognize individuals without glaucoma-related 

changes. 
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4.1.  Pattern Electroretinography 

	

4.1.1.  Non-significant low amplitude trends and a significantly longer latency for 

PERG checks and bars P50  

 

Objective assessment of RGC function can be achieved by using PERG. RGC 

function assessment can be carried out by evaluating PERG components, namely P50 and 

N95 (Holder, 2001). The effect of glaucoma on PERG components has been explored for 

many decades. Furthermore, PERG is considered as a crucial tool to evaluate RGC function 

in glaucoma (Bach et al., 2013; Bowd et al., 2009a; Fredette et al., 2008; Kreuz et al., 2014; 

Porciatti and Ventura, 2004; Ventura et al., 2013; Yang and Swanson, 2007). Extensive 

studies investigating glaucomatous changes have reported PERG amplitude reduction 

(Kreuz et al., 2014) and this reduction is related to RGC loss and or diminished activity of 

remaining viable RGCs (Banitt et al., 2013; Fredette et al., 2008; Kreuz et al., 2014; 

Ventura et al., 2013). 

 

Studies of PERG time components (latencies) in glaucoma have revealed delays in 

the response perhaps related to slower RGC responses to stimuli (Celesia et al., 1987; 

Kreuz et al., 2014; Porciatti and Ventura, 2004; Ventura et al., 2013). It is well known that 

in electrophysiology “the more pathologic, the slower” (Bach and Poloschek, 2013). It is 

believed that the ability of latency to detect glaucomatous changes in terms of longer 

latency compared to the amplitude is related to the variability in the nature of the amplitude 

compared to the latency. PERG amplitude is affected by different exogenous and 
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endogenous factors that do not have any influence on latency, namely the size of the pupil, 

the blood level of certain medications, diurnal variation, and others (Bearse et al., 2006; 

Jampol, 2001). 

 

Our results revealed that the effect of glaucoma on PERG checks and bars showed 

a non-significant decrease in P50 amplitude. Non-significant P50 amplitude reduction 

might be related to the origin of the P50 waveform as it reflects RGC activities and other 

retinal cells (Holder, 2001; Viswanathan et al., 2000). Since glaucoma is a disease of 

exclusively RGCs, it might not be surprising that the P50 amplitude component, which is 

not solely RGC-derived, is not significantly affected. Our results are supported by a study 

that was done by Cvenkel et al., which also showed that the amplitude of PERG P50 did 

not show a significant decline in glaucoma patients or glaucoma suspects (Cvenkel et al., 

2017). However, a significant decrease in P50 amplitude has been reported in both 

glaucoma and glaucoma suspects by other groups, which contradicts these findings 

(Ganekal et al., 2013; Neoh et al., 1994; O’Donaghue et al., 1992; Preiser et al., 2013).   

 

Although, PERG time component has not been evaluated extensively (Bach and 

Poloschek, 2013; Bode et al., 2011; Kreuz et al., 2014; Ringens et al., 1986), a significant 

delay of P50 latency has been reported by Ganekal et al and Parisi et al. (Ganekal et al., 

2013; Parisi et al., 2001). On the other hand, non-significant changes in the time component 

have been detected by Bode et al. and Ventura et al. on studies that were done on glaucoma 

patients (Bode et al., 2011; Ventura et al., 2005). Our study revealed a significant delay in 
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P50 latency for the PERG checks test for both glaucoma suspect and glaucoma groups 

compared to the control group. On the other hand, the P50 latency for the PERG bars test 

only identified a significant change in the glaucoma group in comparison to the control 

group.   

 

The difference in our findings for PERG checks and bars P50 and N95 and some 

of the previous findings in the literature might be related to the use of different types of 

electrodes and recording protocols. On the other hand, the agreement between our study 

and some of those in the literature may reflect a similarity in recording protocols. 

Moreover, there are some variables that may affect the amplitude, such as dermal 

impedance and tear film resistance, which are not related to pathology per se. 

Consequently, the amplitude measures have higher variability than latency (Jampol, 2001).   

 

Overall, our results for both PERG checks and bars showed that P50 amplitude was 

not a good measure of glaucomatous changes, and P50 latency was good at identifying 

early glaucoma changes in the PERG checks test but not in the PERG bars test. Therefore, 

going forward, we would suggest that the P50 component of the PERG is not ideal for early 

detection of glaucoma.   

	

4.1.2.  PERG N95 significantly affected in terms of low amplitude and longer latency 

 

The retinal glaucomatous changes due to high IOP in terms of structure and 

function have been explored extensively in non-human primates as there are similarities in 
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ocular structure as well as visual function with humans (Glovinsky et al., 1991; Harwerth 

et al., 1997; Varma et al., 1992; Viswanathan et al., 1999). One study by Viswanathan et 

al. used tetrodotoxin (TTX) to block the spiking activity of both amacrine and RGCs 

(Viswanathan et al., 1999, 2001). The authors found that PERG changes due to 

experimental glaucoma were similar to intravitreal TTX effects on healthy non-human 

primate eyes. These findings suggest that the PERG response reduction is related to the 

deterioration of RGC spiking activity. Furthermore, Viswanathan et al. observed that N95 

was reduced prominently with intravitreal TTX injection in non-human primates, whereas 

there was only a partial reduction in the P50 amplitude (Viswanathan et al., 2000).  

 

Our results revealed that the N95 component for both PERG checks and bars 

showed a significant decrease in the amplitude and a prolonged latency for both the 

glaucoma suspect and glaucoma groups compared to the control group. Our findings are 

consistent with the results that have been reported by others (Bach and Hoffmann, 2008; 

Bach et al., 1988; Bode et al., 2011; Ganekal et al., 2013; Graham et al., 1996; Viswanathan 

et al., 2000). However, with glaucoma suspect patients, N95 amplitude did not show any 

significant decrease in a study that was done by Jafarzadehpour et al. (Jafarzadehpour et 

al., 2013). Their findings did not agree with our results or those reported by others (Bach 

and Hoffmann, 2008; Bach et al., 1988; Bode et al., 2011; Ganekal et al., 2013; Graham et 

al., 1996; Viswanathan et al., 2000),which showed a significant decline in N95 amplitude 

due to glaucomatous changes. 
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Regarding time component changes, PERG checks and bars N95 latency has shown 

a significant decrease in glaucoma suspects and glaucoma patients (Bach and Poloschek, 

2013; Kreuz et al., 2014; Ringens et al., 1986), which is similar to the results of different 

studies that concluded a delay in N95 latency for both glaucoma suspect and early 

glaucoma patients (Jafarzadehpour et al., 2013; Kreuz et al., 2014). All these findings 

confirm our results in terms of a delayed N95 time component. On the other hand, the 

majority of early studies in glaucoma had previously reported non-significant changes in 

N95 latency (Bach and Hoffmann, 2008; van den Berg et al., 1986; Papst et al., 1984; 

Porciatti et al., 1987), which are in contrast to our findings in terms of a significant increase 

in latency. As it has mentioned previously in section 4.1.1, the reasons behind the similarity 

and discrepancy between our findings and other studies might be related to the electrode 

types and the recording protocol.    

 

Unfortunately, there are a limited number of studies commenting on the effect of 

glaucoma on the time component (Kreuz et al., 2014), which is due to the difficulty of 

obtaining a consistent N95 latency estimate due to the broad N95 waveform (Bach et al., 

2000; Holder, 2001). Therefore, time component assessment based on the ideal or 

smoothed waveform shape (Bach et al., 2013; Heckenlively and Arden, 2006) in addition 

to the amplitude, are essential since both of them reflect different aspects of RGC function 

(Jafarzadehpour et al., 2013) and are important elements in the PERG evaluation report. 

Furthermore, the ISCEV standards committee has recommended that the PERG report 

should comment on both amplitude and time components even with difficulty in obtaining 

N95 latency (Bach et al., 2000, 2013).	
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4.1.3.  High specificity detected for both PERG checks and bars N95 amplitude and 

latency  

 

In order to determine the validity of PERG, calculating the sensitivity and 

specificity would be the vital indicator for its efficacy in terms of detecting glaucomatous 

changes (Korth, 1997; Parikh et al., 2008). Our research has revealed that both PERG 

checks and bars N95 amplitude and latency have recorded high specificity. Sensitivity and 

specificity calculations for PERG checks N95 have been explored by O’Donaghue et al. 

and they have reported a sensitivity ranging from 75 - 94% for N95 amplitude, and 

specificity of 81 -100% (Korth, 1997; O’Donaghue et al., 1992). Also, Pfeiffer et al. have 

reported 82.7% sensitivity and 90.8% specificity for N95 amplitude (Ganekal et al., 2013; 

Pfeiffer and Bach, 1992). Our research findings are consistent with the previously 

mentioned results in terms of reporting high N95 amplitude specificity. Result consistency 

might be related to the similarity of the number of patients who were included in the sample 

size and the stage of glaucoma which was included in the tested sample. However, to our 

knowledge, sensitivity and specificity have not been calculated for PERG bars N95 

amplitude. Also, the sensitivity and specificity of PERG checks and bars N95 latency have 

not been explored. Therefore, in the future, an extensive investigation should be carried 

out to determine PERG checks and bars’ ability to differentiate between individuals with 

or without glaucoma. Altogether, PERG checks and bars N95 amplitude and latency 

showed the potential to identify candidates without glaucomatous changes. 
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4.1.4.  Checks versus bars stimuli 

 

PERG checks and bars component changes in the forms of lower amplitudes and 

delayed latency in glaucoma patients may be explained by RGC dysfunction due to 

glaucoma as it has been explored by many studies (Cvenkel et al., 2017; Viswanathan et 

al., 2000). The comparison of the two types of stimuli, namely checks and bars, has not 

been explored in the research field. Most studies have used either checks or bars stimuli to 

identify glaucoma-related changes (Bowd et al., 2009b, 2011; Cvenkel et al., 2017; 

Jafarzadehpour et al., 2013; Sehi et al., 2009; Ventura et al., 2005, 2013). ISCEV standards 

for PERG have focused mainly on PERG checks as a stimulus and stressed on the fact that 

any PERG stimulus shape, including bars, would not get different results if the stimulus 

parameters in the screen have met ISCEV recommendations (Bach et al., 2013).  

 

As the Diagnosys D-341 Attaché-Envoy Electrophysiology System was recently 

introduced in the clinical setting, it is unknown whether PERG bars has the same ability as 

PERG checks to detect glaucoma-related changes in the form of low amplitude and longer 

latency. The data presented in this thesis represent the first findings on PERG checks vs. 

bars stimuli for glaucoma detection. Our results have concluded that both PERG N95 

checks and bars amplitude and latency can detect glaucomatous changes. Specifically, the 

two tests have similar abilities in detecting glaucoma-related changes in glaucoma groups 

in the form of low amplitude and longer latency. Although both PERG checks and bars 

N95 have detected glaucoma-related changes in the glaucoma suspect group, the PERG 

bars stimulus is better than PERG checks N95 stimulus. In addition to that, both N95 PERG 
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checks and bars showed high specificity values which revealed a potential to be used as a 

diagnostic method for glaucoma detection. Based on these findings, adopting PERG bars 

as a diagnostic test would be beneficial as there are significant advantages to this stimulus 

over the check’s stimulus. The difference in the recording time for PERG bars is one minute 

per eye compared to PERG checks which is three minutes per eye. Consequently, it might 

be practical to use PERG bars instead of PERG checks for glaucoma diagnosis. In future 

studies, it would be highly beneficial for researchers to investigate the potential use of 

PERG bars in glaucoma detection.   

 

4.2.  Uniform field electroretinography 

 

4.2.1.  UF-ERG PhNR shows glaucoma-related changes 

 

Investigating UF-ERG waveform components origin opens the door for researchers 

to determine the possibility of using UF-ERG in glaucoma detection. Previous studies that 

looked at the origin of waveform components found that a- and b-waves reflect the activity 

of photoreceptors and bipolar cells, respectively (Brown and Watanabe, 1962; Heynen and 

van Norren, 1985; Sieving et al., 1994; Viswanathan et al., 2001; Whitten and Brown, 

1973), whereas the PhNR response is generated by RGCs (Kinoshita et al., 2016; 

Viswanathan et al., 2000, 2001; Wilsey and Fortune, 2016). It has been shown that PhNR 

is generated by RGCs, which was provided by experiments in non-human primates that 

showed the intravitreal injection of TTX, which removes RGC spiking activity, 
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extinguished the PhNR (Kundra et al., 2016; Rangaswamy et al., 2004; Viswanathan et al., 

1999, 2001). It is well known that glaucoma mainly affects RGCs and their axons and this 

appears as PhNR amplitude reduction. Moreover, as there is a similarity between PhNR 

that has been recorded from humans and non-human primates (Viswanathan et al., 1999), 

therefore, our results can be compared with research that has been carried out on non-

human primates as well as humans.  

 

Our study used the Diagnosys D-341 Attaché-Envoy Electrophysiology System to 

record UF-ERG and PERG on the same glaucoma groups and the control group at the same 

recording setting. We reported a significant decrease in PhNR amplitude and prolonged 

latency in glaucoma suspect and glaucoma groups compared to the control group. It has 

been documented that PhNR amplitude is reduced in three different glaucoma stages, 

namely early, moderate, and advanced, in the studies that have adopted the modified 

protocol of Viswanathan et al. (Kirkiewicz et al., 2016; Viswanathan et al., 2001). 

Moreover, a significant reduction in PhNR amplitude has been reported in glaucoma 

patients by Machida et al. (Bach and Poloschek, 2013; Machida et al., 2008). It is believed 

that the amplitude reduction is related to the severity of glaucoma (Machida, 2012).  

 

Since PhNR is a slow broad wave, it makes it difficult not only to determine the 

peak amplitude but also the latency. Hence, PhNR latency is not commonly reported 

(Frishman et al., 2018; Lam, 2005). However, PhNR latency was significantly delayed in 

glaucoma patients compared to the control group in a study that used brief flashes stimuli 

(Viswanathan et al., 2001). Our findings, which showed low amplitude and longer latency, 
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thus agree with these previous results. To our knowledge, contradicting results have not 

been reported. The reason behind the similarity between our findings and the previous 

studies is the adoption of the modified protocol of PhNR recording that had been 

established by Viswanathan et al.  

 

4.2.2.  High sensitivity for PhNR amplitude  

 

Calculating the sensitivity and specificity of a potential diagnostic test would 

determine the validity of adopting the test as a diagnostic tool (Parikh et al., 2008). PhNR 

effectiveness as a diagnostic test has been explored to determine its value in glaucoma 

detection (Viswanathan et al., 1999). With a long duration stimulus, PhNR amplitude had 

recorded sensitivity of 84% and a specificity of 94%, while with a short duration stimulus, 

the sensitivity and specificity were 95% and 91%, respectively (Viswanathan et al., 1999). 

The sensitivity and specificity based on the glaucoma stage have been explored in different 

studies. In the early stage of glaucoma, both sensitivity and specificity have been recorded 

with a range of 23.8-57 % and 90 - 92.3 %, respectively (Kirkiewicz et al., 2016; Machida 

et al., 2008, 2011). With moderate glaucoma, a sensitivity of 40.7 - 88.0 % and specificity 

of 97.4 % have been detected. These findings indicate that the PhNR can detect 

glaucomatous changes in moderate glaucoma better than early glaucoma. In the advanced 

stage of glaucoma, PhNR amplitude has shown its ability to detect glaucomatous changes 

based on a sensitivity and specificity that have been documented with a range of 66.7 - 

93.0 % (Machida et al., 2008, 2011) and 92.3 - 97.4 %, respectively (Machida et al., 2011).  
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There is a consistency between our results and the study findings of Viswanathan 

et al. that used a long duration stimulus on non-human primates, in that we both recorded 

a high sensitivity for PhNR amplitude (Viswanathan et al., 1999). However, our recorded 

specificity for this test was lower (69.7%). To our knowledge, sensitivity and specificity of 

PhNR latency have not been reported in previous studies. However, in this thesis, we 

calculated the sensitivity and specificity for PhNR latency, and we determined a high 

specificity for the PhNR latency (96.7%). The reason behind the consistency between our 

findings and the Viswanathan et al. study is related to the same duration stimulus that has 

been used in our research protocol  (Viswanathan et al., 1999). Due to our small sample 

size, further evaluation should be carried out to determine the sensitivity and specificity of 

PhNR latency with greater accuracy.  

4.3.  Significant mean deviation (MD) changes in glaucoma suspects and 

glaucoma groups 

 

The aim of using SAP for glaucoma patients is to determine the presence and the 

severity of glaucoma. However, the initial test result might be inconclusive (Nouri-

Mahdavi, 2014). It is believed that RGC loss due to glaucoma precedes the appearance of 

VF defects (Asaoka et al., 2014; Nouri-Mahdavi, 2014; Quigley et al., 1989). Furthermore, 

it has been reported that the structural changes related to glaucoma do not reflect the 

glaucomatous visual function changes (Kostianeva et al., 2016). 
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A significant difference in MD has been reported between glaucoma suspect and 

glaucoma patients in a study carried out by Asaoka et al. and Neoh et al. (Asaoka et al., 

2014; Neoh et al., 1994). Their findings are consistent with our findings as we found a 

significant MD changes between glaucoma suspect and glaucoma groups. Although 

glaucoma progression can be diagnosed and monitored in many ways, adopting a reliable 

method to evaluate VF changes is crucial in glaucoma diagnosis (Cho et al., 2012; Nouri-

Mahdavi, 2014; Odden et al., 2016). 

 

4.4.  Retinal nerve fiber layer (RNFL) thinning in both glaucoma 

suspect and glaucoma groups 

 

Glaucoma changes in the form of irreversible RGC loss appear as reductions in the 

thickness of the RNFL (Sharma et al., 2008). The research that has been done by Schuman 

et al. and others has concluded that OCT had the ability to measure RNFL thickness (Bowd 

C et al., 2000; Schuman et al., 1995). Therefore, RNFL imaging assessment has been 

adopted for glaucoma diagnosis and management (Sharma et al., 2008). Also, it has been 

reported that OCT can identify early glaucomatous changes and might have the potential 

to diagnose and monitor glaucoma patients (Kanamori et al., 2003). 

 

Our research finding reported a significant decrease in RNFL thickness in both 

glaucoma suspect and glaucoma groups which is consistent with the research that has been 

carried out by others (Kanamori et al., 2003; Parisi et al., 2001). It is also not clear if the 
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RNFL changes related to glaucoma represent the actual stage of the disease progression. 

Therefore, it is essential for clinicians to understand the limitations of OCT in terms of the 

possibility of artifacts and the floor effect, which is OCT’s inability to detect RGCs when 

they are almost diminished (Dong et al., 2016; Leung et al., 2010). It is crucial for clinicians 

to base their decision not only on OCT results but also on other clinical evaluations.  
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5-Conclusion 
 

Glaucoma is a silent disease, which makes it extremely challenging to find sensitive 

as well as specific clinical markers for early diagnosis (Weinreb et al., 2014; Wu et al., 

2016). Therefore, determining the early glaucomatous changes is necessary to improve the 

management and the outcome of glaucoma patients. Adopting electrophysiological 

methods to evaluate the progressive loss of RGCs due to glaucoma can provide specific 

clinical markers (Wu et al., 2016). Exploring the possibility of using PERG and UF-ERG 

in the clinical setting has been evaluated on both humans and non-human primates, and 

these studies showed promising results (Bach et al., 2013; Kreuz et al., 2014; Ventura et 

al., 2013). Moreover, using UF-ERG in the clinical setting has shown its potential to be 

used in glaucoma diagnosis. Overall, the work done in this thesis showed that PERG checks 

and bars showed a similar ability to detect individuals without glaucomatous changes. In 

addition, PhNR amplitude and latency showed the ability to identify individuals with or 

without glaucomatous changes. 
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