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Abstract 

The ontogenesis of. the electroretinogram (ERG) in the' 

rabbit has been stated to proceed first with the a-

wave, then the b-wave and the oscillatory pote~tials 

(OPs) . I~st. The significance of ~he OPs in the 

formation of the electroretinograp~ic ~otential is a 

controversial issue. The aim of our study 0 was to 

èxamine the role of the OP contribution to ~he ERG. 

Albino rabbits from the same litter"'were 

weekly intervals for five weeKs from the 

life. A G~ass photostimulator was used 

studied at 

fir'st ~ of 

in lig~t-.1nd 
dark adaptation and 50 amplified responses ,< ,~ere 

~ 

averaged. Bath 1-1000 Hz (ERG) 'and 100":'1000 Hz (OP) 
Il 

bandwid't1Jlts were ,recorde'd' simui taneouslY. The a-wave 

was the first wave to appear ~t one to two weeks of 

age. Thè oscillatory pot~~tials appeared seqUentially 

as the rabbits aged. The change in waveform of the"b-

wave was consistent with the growth of each OP. The b-
, 

wave and oscillatory potentials evolved at the same 

rate, with an~rease in amplitude and decrease in 

peak time. A rapiq development was -noted a t two to 

three weeks, followed by a slower change. The 

simultaneous maturation of the ~-wave and osc~llatory 
.. 

potentials is contrary ta previous reports aJ;ld 
-

supports the contention that the OPs should be 

considered as major contributors to the b-wave. 
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• RéswRé 

Des '. études antérieures ont démontré que llontogénèse 

de llélectrorétinogramme (ERG) chez le lapin débute 

dlabord par 1 londe-a puis l'onde-b pour se terminer 

_ par l'apparition des potentiels oscillatoires (PO). 

L~ but de notre étude fut d'examiner le rôle des 

''Potentiels .... oseillatoires dans la génèse de 
. 

llélectrorétinogramme, ce sujet étant toujèurs fort 

controversé. Des lapereaux albinos, issus de la même 

por~ée, furent étudiés à intervales réguliers pendant 

cinq semaines à compter de la première semaine de vie. 

Un,. stimulateur photique Grass a été utilisé en 
\ 

adaptation à la lumière ainsi qulen adaptation à 

1 1 Qbscur i té et cinqUante réponses amplifiées furént 
\ 

1 

bandes moyennées. Deux passantes furent utilisées 

simultanément:. 1-1009 Hz (ERG) et 100-1000 Hz (PO). 

" , . Les résultats démontrent que 1 londe-a est la première' 
.. ~ \ .... -"'~ 

J"\ '~/ à apparaître et ce pendant la deuxième semaine de vie, 
~,'" i " ~ .. rl_~{ 

5' ,) alors que les potentiels oscillatoires apparaissent de 

'. 

façon séquentielle au fur et à mesure que le lapin' 

. viellit entaînant de ce fait des modifications à :la 
c "\ 

morphologie de l'onde-b. L'onde-b et les potentiels 

oscillatoires maturent donc au même rythme où une 

augmentatj.on dans les amplitudes slaccompagne d'un 

\. t racourClssemen dans les temps de culmination. Ces 

* modifications sont, particulièrement accentuées entre 

la deuxième et troisième semaine de vie. Ces 

résultats suggèrent que les potentiels oscillatoires 

• 
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dOiven~ être consi~érés c~;:mm~_des constituants 

de Itonderb de l'électror tinogramme. 
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Pretace 
'1 

The contribution to original know~dge 
JI. 

this in 
... .. 

paper relates to the oscillatory potentials (OPs) , 
. 

which are shown ta be major contributors to the b-wave 
• i 

'''-l, 

of This is in cont~ast the electroretinogram (ERG_. 
~.:} 

to the viewthat the OPs are small appendages'of the 

latter" and suggests that the OPs are impertant in 
, . 

analysls_ of. the b-wave. Correlation between the 

development 
~ 

of the b-wave and oscillatory. potent~als 

is demonstrated in the growing rabbit. Many hitherto . ' 

unexplairfèp._ abnarmal i ties of'l the ERG in retinal 

disease (specifically~he b-wave) may be explained by 

oscilla~ory potential' changes. The osciIlatory 

potentials are the key to future, more meaningful, ERG 

studie~ ~f ,retinal disease. 
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Introduction 

If}storv 

The electroretinogram (ERG) was a mystery when 
1 

Holmgren', ih 1865, showed that an electrical potential 

(voltage) occurred,between a corneal afid optic perve 

electrod,e in the frog eyeball, in response to a. ,flash 
'\ 

of light. Granit (1947) identified three components 0+ 
\ 

the cat ERG that disappe~ed successively during 

deepening ether anaesthesia. He considered the. ERG to 
, 

be a sununat i on" of these processes, named P-I (c-

wave) , P-II (b-wave) 'and P-III (a-wave). The ERG came 

to be regarded as a massed response ~f the retina, the 

a-wave (initial negative wave) originating from the 

photoreceptors, followed by the~-wavé (major positive 

wave) originating from the inner nuclear layer 

, ,(Granit, 1962; Tomita, 1963; Bri,ndley, 1957) .' The ERG 
\ 

became a valuable clinical tool for diagnosis .of 
\ 

retinal disease when an extinguished ERG was fqund by 

Karpe (1945) to be an early sign of retinitis 

pigmentosa. Noninvasive eXPfriments on the human eye 

became possible with the development of contact lens 

1 electrodes (Karpe, 1945; Henkes, 1951; Burian. and 

Allen, 1954). This expanded the use of the ERG in 

studying human disease conditions. The complexity of 

" the ERG was becaming apparent'with the advance of 

electronic recording rnèthods. Solutions ta unwanted 

electrica). 
. ~ 

noise signal. inv6lved ~he in the 

cumulation of analog output of the ERG amplifiers in 

J 
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synchrony 'wi~h a repetitive stimulus. Digi tal coding 

~n 
~ ," 

the 1960's made possible computer averag~ng to do-

the same, by adding the response to repetitive stimuli 

and thê:teby cancelling out rando~ 

Microelectrode studies of the retina further 
o 

noise. " 

revealed, 

the int~aretin~l origins of the ERG (Tomita and 
0' 

Torihama, 1956; Brown and Wiesel, 1~61). 

Retinal (\istology 
lit cJ " • 

f' Verteb~at!e retinal architecture has been reviewed 
t, 
;-

by Dowling (1970). The photorecepto~~ in the outer' 

retina (outer nuclear layer) receive light , and 
J> 

-
transmit .the signal to the bipolar c~lls of the inner 

nuclear +ayer, which in turn provides input to the 

ganglion cells situated in the innermost retinal cell 

layer. Connections between the outer and inner nuclear 

layers are present in thè outer plexiform layer, while 

the inner plexiform layer separates the inner nuclear 

and ganglion cell layers. The latter cells transmit 

the signal to the lateral geniculate bodies and then 

to the cortex. The Muller cells, with nuelei in tne 
C> 

inner nuclear layer of the retin~, are structural 

supporting cells of the retina. Almost aIl vertebrate 

retinas contàin both 
... rod and co ne photor~ceptors 

(Cohen, 1972), the former for low light vision and the 

latter for brighter colour vision. The rabbit retina 

contains rods,· Blue sensitive cones and green 

sensitive cones (Nuboer, van Nuys and wo~tel, 1983) 

but is dominated by rogs (Davis, 1929; Hughes, 1971). 

• 

• 

) 
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The human retina cantains rods, and cones sensitive ta 

bl ue, green and rep "( Brown and Wald, 
,. \ 0 

1964; Dartnall, 

BowmaKer and Hollon, 19~). 

Gum et al. (1984) correlated the devoelopment of 
o 

development pf the 'ERG with the histclogical the 

retina in dogs. The appearance of the a-wave 

corresponded to the maturation of the photoreceptor 
. 

layer ~rom the outer neuroblastic layer a-e- one week . .. 
The inner and outer plexiform layers wel?e forlned at 

the time of b-wave d~velopment during the third week, 
o 

while further maturation of the inner nuclear layer 

correlated with an in~rease'in amplitude and-dec~ease 
, 

in peak time of the b-wave. This would place the 

origin of the b-wave at the level of the inner nuclear 

layer. 

.. 

"' 

" . 
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ERG components 

The ERG signal 'is broken down iri'to successive . 

waves, as shown in figure- 1.These are correlated with . .. . -, .~, 
Y.I ; 

the arohitecturè of Lhe retina, as de~cribed' below . 

Ear~y receptor pQtential: 

"'-'\n ~irst l the ERG signal is the- early receptor 

potential (ERP), - a diphasic wave representin'g the 

photochemical changes and subsequent thermal reactions 

of molecules within ~he outer segments of cone 
<y . 

recepters and, to a lesser extent, th~se of the rods 

(Brown and, Murakami, " 1964). It is 'the charge 
-

• 0 

dl.splacement '-n visual pigment units 

ç0t:l~Qrmational 
\ 

,;
changes . , 

fOllowing 

that results in the E?P (Rodieck, 

light 

1973) • 

absorption 
JI 

The ERP is 

not generally seen in-standard ER~ recordin9s, because 
. / J 

,of a 'very short latency «5 msec) ~nq low· voltage 

\ response «1 Qvolt)_ to light: stimuli. Jl • 
'(. . 

l ' 

o 

. , 
,\ 

\' . 

'li1':! 
,', 

" 

.. 

.. 
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Figure 1: ERG cOmPonents 

A schematic ERG is shown. The individual waves that 

comprise the ERG ar,e shown, as. follows: the early 

receptor potential (ERP), the n~ative wave (a-wave), 

the most positive wave (b-wave), the oscill~tory 

potentials (OPs), and the slo~ positive signal 

following the b-wave 
~I 

(c-wave) . Vertical arrow 

indicates flash onset. Calibration: horizontal bar in 

milliseconds. 

• 

0 

'\ .. 6 0 . , (l 
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A-wave: 

The a-wave i8 a corneal 

representinq vertebrate photoreceptor 

ne{'ati va wave 

hyperpolariza-

tion in~response to a light (Tomita, 1970); that from 

cones appearing earlier than that from rods. A 

diminution of the dark current flowing from the 

photoreceptor inner segments to outer segments hW' a 

light stimulus causes this hyperpolarization (Penn and 

Hagins, 1972; Hagins et al., 1970). 

B-wave: 

The b-wave is the major positive wave of the ERG, 

originating from the Müller cells of the retina rather 

than from the bipolar cells, as thought earlier 

(Faber, 1969; Miller and Dowling, 1970). Components 

other than the Müller cells may contribute to~ the b

wave (Tomita,. 1976). The bipolar cells take part in 

the ~rocessing of signa-ls from the photoreceptors to 

the ganglion cells, while the Müller cells merely. 

respond to the liberation of K+ ions by the. bipolar 

cells (Miller and Dowling, 1970; Miller, 1973). Two 

different responses occur, depend~ng on thersta~e of 

light ~adàptation and stimulus intensity. A scotopic 
t<l ' 

response is primarily rod mediated, elicited in dark 

adaptation in response to a dim light. It i5 of larger 

amplitude, longer duration and greater ~~nsitivity 

to shorter wavelangths oÎ light, compared to the 

tir photopic (light adapted, primàrily cone) response. 

" L.t: . .:-. . • ..~ :.1 .... ,;. .... ,.:: ... _ 

.. ""';' .. /~~(l"r1, 

',' 
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C-wave: 

The c-wave, a slow positive-going signal which 
l 

" follows the b-wave, ia produced,in large part by the 

hyperpolarization of the retinal pigment epithelium 

(Steinberg et al., 1970; Nilsson et al., 1977; Noell, 

1954). _ ft is seldom measured 

to th~ contaminating muscle 

Massof, 1982). 

Oscillatory potentials: 

in clinical practise due 

artefacts (Johnson ~nd 

The oscillatory potent!als (OPs) are ripples that 

appear on the ERG, forme~ly_thought ta he random 

variations. These have heen considered as wavelets 

riding on the rising alope of the b-wave (Cobb and 

Morton, 1954). The maximum amplitude of intraretinal 

OP recordings hqs been noted in the' inner nuclear 

layer of the frog retina, suggesting the latter to be 

the site of OP generation (Brindley, 1956). Ogden 

(1973) found the maximum intraretinal amplitude of the 

first three OPs to be at the level of the inner 

plexiform layer of the pigeon, chicken and monkey 

" (Ogden, 1973; ogdén and Wylie, t971). These layers 

have also been noted as the origin of the OPs by depth 
. 

profile studies in the monkey (Heynen and v~n Norren, 

1985). Both scotopic .and rhotopic retinal systems 

proiuée oscillations 
. 

independently, of one another 

(Sto\tmeister, 1973; Fatechand, 1978). 
-

Lachapelle et al. (1983, 1986a) have sugqested 

that the OPs are building blocks,of the. h-wave. In 

'"," 1 

.. 
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), this view, the OP generated potentials could be 

.integrated at the level of the Müller cells. . They 
, 

found that the ERG amplitude in congenital stationary 

night blindness (CSNB), in humans, was decreased in 

proportion to th~ absence of two OPs (Lachapelle et 

al, 1983). others, however, have notea that the OPs , 
are selectively abolished, as in diabetic retinopathy, 

suqgesting separate processes for the b-wave and OPs 

-(Yonemura et al., 1962; Brunette and Desrochers, 1970; 

Speros-and Priee, 1981). 
1 

Developmental analysis of the cat ERG by Hamasaki 

and ~aguire (1985), where the.formatio~ of the a-wave 

preceded that of the b-wave and the appearance of the 

latter precéded that of the OPs, suggests a different 

origin for the b-wave and the OPs. In contrast, Sanad~ 

(1964a, 1964b) showed that the formation of." OPs in 

-suckling rabbits appeared as early as that of the a-

wave wave. Noell (1958) studied ERG developme~t in 

·albino rabbits and noted that the a-wave developed 

fi-rst, at eig~t days. of 'age, followed by the 

appearance of the b-wave at 10 days. The latter then 

developed~ rapidly to about 20 days. Simi~ar results 

were also obtained from pigmented rabbits (Bonaventure 

et al., 1967). If the OPs are building blocks of the 

b-wave, one would expect them . to develop 

simûl taneously • 

~ . 
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study p 

The ERG ~s the only objective test available to 

assess retinal function. At present, only the peak 
... 

time and amplitude of. the b-wave are used in clinical 

diagnosis of retinal disease, yet there are numerous 

wav~forms (lncluding O~s) present in the ERG. In order 

to gain a bett~r unde~standing of the generatqrs of 

the ERG, l chose to ~tudy the development 9f the OPs 
, 

and b-wave in the aging rabbit to determine if they 

mature at the same rate, and to - anal,yse the . 
contribution of the OPs to changes in b-wave 

~orphology. We examined the ERG in light as weIl as 

dark adaptation. ~ animal model chosen reflects the 

clear illustration of the ERG by others in the frog, 

dog, cat, monkey, rabbit, and man (Brown, 1968). A 

better understanding of the generators'of the ERG will, 

permit more detailed clinical analysis of the ERG than 

~s curfently done, and should increase its diagnostic 

usefulness in disease. 

.' , 

• 

-
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Hetbods 

Animal preparation 

ERGs were recorded from six rabbits of the 

litter. The mother and her litter were kept in the . 
, 

same cage on a 12 hour light:12 hour dark schedule in 

• an ordinaiy animal room. , The rabbits were 

anaesthetized with an intramuscular injection of 

ketamine (35 mg/kg) and xylazine (5 mg/kg). The 

~ earliest recordings were obtained at age seven days, 

on the day the eyes opened, and continued for five 

weeks. The rabbits were placed in a Faraday (shielded) 

~hamber for recording, in' order to remove electrical 

interference from the signal. The pupils were dilated 

with " a drop of 0.5% tropicamide and 2.5% 

neosynephrine, and the cornea anaesthetized with a' 

drop of 0.5% proparacaine. The ERGs were recorded 

with a speculum (Ag-AgCl) electrode which mad~ contact 

with the upper and lower eyelids. Ag-AgCl was chosen 

fof its low drift ,and low noise characteriatics 

(Cooper, 19'63; strong, 1973; Jerris, 1974; Geddes, 

1972). The speculum electrode also served to keep the 

\ eye open. A drop of 0.9% saline solution was placed in 

the cul-de-sac of the eye to promote electrical 
.' 

contact between the speculum and the eye. The left 

eye was used consistently. 

The experimental setup is illustrated in figure 2 

(p. 21) . The refer~nce and ground inputs ~re 

connected and a common electrode was placed in the 

, , 
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mouth pf the rabbit. The rabbits were placed in a 
"-

diffusin~ container, with a background illumination of 

520 lux for studies in light adaptation, and were 

dark-adapted for '15 minutes for studies in dark 

adaptation. ERGs were evoked to flashes of white light 
1 

with a Grass PS-22 photostimulator (Grass 
'1 

Instrument . 
Company, 'Quincy, Massachusetts). The flash w~~ set 

at an intensity of 10.0 cd/m2/sec, delivered at a rate 

of one flash/sec, "for light adapted studies, and at • 
. 2' 

0.3 and 3.2 cd/m /sec, delivered at a rate of one 

flash/5 sec, for dark adapted studies. 

ERGs were recorded simultaneously with two , Grass 
\ . 

P-511 AC preamplifiers. One amplifier had a bandwidth 
r • 

,of 1-1000 Hz and an amplification factor of 2000 X to 
\. 

record the usual a-b wave ERGs. The other amplifier 

had a bandwidth of 100-1000 Hz (apd an amplification 

of 20,000 X), suggested tor se'lective recording of the 

OP~Of t~e ERG (Dawson and stewart, 1968; Kozak, 1971; 

Tsuchida et al., 1973; Wachtmeister and Dowling, 

1978). An amplifier with a recording bandwidth of 30-
.. 

1000 Hz (and an amplification of 10,000 times) was . 
adqed at weeks 4 and 5. 

" 
An average of 50 flashes was 

determined with the Nicolet MED-80 signal averager. 

This permitted the removal of electrical 'noise by 

spraading out the random positive and negative waves 

over time. The response of the eye to light, however, 

was selectively. é!lmplified, as the stimulus, 'recdrding 

onset and response were synchronized. Interstimulus 

• 

1 _ 

-



~ ~ >" (. , 

, 0 

" l ,,/ 

19 

intervals of 1024 msec,in light adaptation, and 4096 

msec, in dark adaptation, were generated by a Grass 

model SlOVS interval generator. These time intervals 
"" 

were chosen so as not to be a multipl~ of 60, in order 

to further minimize the contribution of 60 Hz, noise. 

The recordings were stored in digital form on floppy 

disks b~ the Nic-299 diskette storage unit. A hard 

copy of the response was obtained with a Hewlett 
'f \ 

Packard 7010B x-y pIotter (Hewlett Packard Company,' 

falo ~lto, California). 

• 
Data collection 

In order to maximize the data collection and at 

the same time avoid repeated anaesthesia of the same 

rabbit, each rabbit was tested only once a week and 

alwpys on the same day. Thus, fqr any given rabbit 

there' was alway~ a one week interval between 

consecutive measurements (longitudinal study) • 

Furthermore, each rabbit served as a means to monitor 
• 

the rate of maturation of the ERG occurring within one 

week (transverse study). A tattoo, on an ear or foot , ' 
1 

'" of each rabbit, permitted identification of each 

rabbit for data acquisition. 

, 

Data analysis 

The nomenclature for naming ERG waves and OPs is 

shown in figure 3. The a-wave amplitude and peak time 

were measured from the baseline, at fla~h onset, to 

the trough of the a-wave. The ERG signal was dissected 

v 
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into~ubcomponents, as follows: the amplitudes of the 

individual positive waves of the ERG (1-1000 Hz) 
J 

recordings, numbered 2 to 5 (see note in figure 3),' 

were measured from the trough of the a-wave to the 

peak' of each wave (where the most positive "peak is 

defined as the '-b-wave) , while the peak times were 
< 

~ measured from flash onset to each wave peak. The OP 

amplitudes on -the OP (100-1000 Hz) recordings were 

measured from each tro~gh to peak, and ~eak times were 

measured from flash onset to thé individual peaks of 
;' .-

the OPs. • t 

c 

( C 

. . 

j 
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ligura 2: Experimental setu~. 
.1 

A-Liçht from the photostimulator reached the rabbit 

-through the diffusing barrier. 
~ 

B-The rabbit was placed in the Faraday chamber and the 

recording electrode was placed under the lids of the 

left eye, .whi~e the ground-and reference l electrodes 
\ 

were placed in the mou th • ' 

C-The ~ COlllPuter recording and 1 ight source were 

synchronized with a timing device (flash onset 20'msec' 

\after computer sweép). 

D-The s~gnal was relayed to amplifiers with filtering' 

bandwidths as in the texte 

E-The computer performed an average of 50 responses to 

l~ght, from the output of the amplifier'. 

- F-The output from the amplifiers was also channelled 

to the oscilloscope for monitoring • 

. G-Hard copies of the data were printed with a pIotter. 
...., 

H-The data'were stored on floppy disks. 

.. 

\ 
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Figure 3: Recordinq procedures and waye analysis. 

The ERG (1-1000Hz bandwidth :A) and the OPs o( 100-

1000Hz: B) were recorded simultaneously with 

amplification factors of 2000X for the ERG and 20,OOOX 0 

i ' 

for the OBs. The ERG posi ti ve waves are numbered 

( accor~ing to the OP nomenclature, e,xcept for the 
\ t 1 

nègat~ve wave which is labelled a-wave in the ERG 
~ . "']:: cordl.ngs and in the OP record.ing~. OP 1 is n-wave 

not always seen on the OP recordings, and is 
> on the ERG recordingsi thus the numbering 

of waves from' 2 onwards. The wave . 
correspondi to the peak of the b-wave (most positive 

portion of the ERG) is identified with a dot.-

The vertical arro~ indicates ~laph onset! calibr~tion: 

hor1zontal -bar in milliseconds, vertical bar in 

microvol ts • 
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RIA'ults . ' 
" 

Park Adaptation 
I~ ~ < ,The results for a flash intensity of 3.2 

cd/m2/see (bright flasht are shown in figure °4 and 
Ir> 

summarized in figure 5. The b-wave and eorresponding 

:::h :~::::gi:g~P:i::::da::~::::::: :: b:::kth:
i
:: 

wav~nd OP re~Ordi~gS is seen between week 2 and week 

3. Fro~ week 3,' however, the OPs and b-waves increase 

in amplitude and decrease in peak time at a regular 

rate. The ratio of summed OP amplitude to b-wave 

" amplitude" (Sop./b-wave: figure 5) remains constant at 

22% as the rabbit ages, suggesting that both increase 

at the same rate. The time interval between 

consecutive OPa (OP-OP: figure 5) decreases wlth e age, 

indicating that the frequency domain of the OPs 
Çl 

increases significantly (t=4.98;df=8;p=.005) from 97± 

10Hz ab week 3 to 122 ~ 12 Hz~at week 5. 

The b-wave and OPs can be seen to develop betweeti 

day 7 and day 14 in the transverse study illustrated 

in figure 6. At day 7 the b-wave peaks at 42.3 msec, 

at day 8: ,25.4 msec, at day 9: 75.4. msec, and at day 

~ 14: 53.8 msec. This variabi1ity fs due ta changing . 
pe~k \ times and number of OPs, as the rabbits mature, 
, \ 1 \" "" 

that1contribute to the b-wave (more OPS are present at 

day 9 vs. day 7). Some OPs (marked by arrows in figure 
/ 

6) at days 7 and 8 are sma11 and ill-defined, but ean 

be bettér visualized if eompared with those at days 9 

o 
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Figure 4: The ef~ect of aging on the dark-adapted ERG 

and OPs (flash intensity 3.2 cd/m2 Isec) weekly 

measurements ',: two rabbits illustrated. 

ERG recar<;Ungs of two rabbi ts are shawn in A and C, 

with cQrrespondin~ OP ,recordings in Band D, 

respectively,.. 
o 
The vertical arrow indicates flash 

onset. Calibration: horizontal bar in milliseconds~ 
J 

vertical bar in micravolts. 
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ligure 5: Summary of ERG and OP measurements wi tli ag~ 

(flash intensity 3.2 cd/m2/sec) weekly data. 

a-amp (a-wave amplitude), a-pt (a-wave peak time) , b

amp (b-wave ~mplitude) , - b-pt (b-wave ~eak time), SOP 

(summed ampli tudes OP2, 3,4), oP-pt: (OP peak time) , 

OP/b % (ratio of SOP to b-wave amplitude in percent) , 

oP-OP' (inter< OP time interval). Data points' represent 

mean ± 1 stândard deviation. Amplitudes are measured 

in microvolts, time in milliseconds. 
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ligure 6: The effect of aginq"on the dark-adanted ERG 

. 2 
and OPs (flash intensity 3.2 cd/m Isec) daily measure-

ments: transverse studY4 

ERG recordings are shown in A, with corresponding OP 

.J recordings .in B, The small arrows indicate, poorly 1 

visible OPs that are'better appreciated by comparison 

with larger OPs of similar peak time at later days. 

The vertical arrow indicates flash onset. Calibration: 

horizontal bar in milliseconds, vertical bar în 

microvol ts • 
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1 

and, 14. At days 7 and B, OP2 forms the b-wave while at 

day 9, the OP recording shows weIl de1imited OP2, OP3, 

OP4 and OP5; The latter is now responsible for the 

peak of the b-wave. The rapid increase in the 

amplitude of the a-wave added to the low voltage of 

the OPs, seen at day 9, fails to produce a b-wave of 
o 

mature morpho1ogy. Rather, the ascending 1imb of the 

lib-wave" looks more like a slow drift towards a 

baseline value. The typical b-wave is achieved between 
, 

--day 9 and day 14, when the OPs have reached an 

amplitude large enough to counteract the 

electronegativity produced by the a-wave. At day 9, 

allOPs (OP2,3,4,5) have similar amplitudes and can be 

seen to contri~ute equally to the rising phase of the 

b-wave. At day 14, however, OP2,3,4 are significantly 

larger than OP5 and thus become the major b-wave 

contributors. ., 
The recordings done with a flash intensity of 0.3 

cd/m2/sec (dim flash) are shown in figure 7. With 

aqvancing age, the amplitude of the b-wave increases 

and the peak time decreases. The OPs (fi9UDeS 7B, 7D) 

are not viâiblé'ûntil the fifth week. Recordings in 
( 

figure 8B, done at four weeks of age, show minimal OPs 

with the 100-1000 Hz band~idth (see arr~ws), but show 

the presence of OP-like waves that ~re clearly visible 

with a 30-1000 Hz bandwidth recording. A similar 

ef,fect is noted in ficwre BA at five weeks of age. ,The 

'. frequency domain of the OPs is 90 Hz at week 5, a 

,J 

\Y,l,,':-"" 7; q;-7 
, t: 
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frequency not affected by a 30-1000 Hz bandwidth, but 

one attenuated to noise levels by\ a 100l~000 Hz 

bandwidth. These results suggest that the OP 

recordings in figuré 7 could be flat beeause of 

attenuation by" a bandwidth, where the low c frequency 

eut-off is too high for the fequeney domain of ,the OPs 

being recorded. 
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ligur, 7: The effect of aging on the dark-adapted ERG 

(flash intensity 0.3 cd/m2/secl. 

ERG (A, ct and OPs (B,D) simultaneously recorded b from ' 

two rabbits. The tilted arrows mark disconti~ufties on 

the slope of the b-wave, which represent OPs. The 

vertical arrow indicates flash.onset. Calibration: 

horizontal bar in 
f •• ~ 

IDl.lll.seconds, vertical ,bar - -in 

microvol ts . 
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F ra 8: Modification of the ERG si 

different bandwidths. 

Dark-adapted (intensity: 0.3 cd/m2/sec tracings 
- -.-'" ~ 

A,B) recorded from two different rabbits. AlI three 

recording bandwidths 1-1000Hz, 30-1000Hz and 100-' 

1000Hz, as shown on the left hand side of each 

tracing, were recorded simultaneourlY. The 30~100dHz 

recording was amplified 10,000X. The third tracing is 

almost" fIat, while the 30-1000Hz recording 

demonstrates "OP like" waves (figure B). Tilted arrows 

p'oint to discontinuities in the first tracing and 

'-. small OPs in the third tra'cing that c~respond in time 
..A. 

to the OP-like waves seen in the 30-1000 Hz recording. 

The vertical arrow indicates flash onset. Calibration: 
• 

horizontal bar i'J. milliseconds, vertical bar in 

microvolts. . . 
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Light Adaptation 1 

The b-wave amplitude increases at a regular rate. 

with age, while the peak time decreases (figure 9). 

Likewise, summed amplitude of the OPs 
/ " 

increases the 

and the peak time of the individual OPs decreases, as 

the rabbits mature. The' interp'eak interVal of, the OPs 

can be seen to decrease from 10.1'± 1.7 msec at week 3 
o t . 

to 8.4 ± 0.7 msec at week 5, which represents an 

increase in frequency domain of the OPs from 99 ± 16 

Hz to 119 ± 10 Hz. A set of recordings, typical of the 

majority of rabbits, is shown in figure 10A, where the 
. --

b-wave -(which always corr~ponds to the peak of ' wave 

3) increases in amplitude and d~creases in peak tim~ 

with age. The other individual positive waves (waves f 

and 4), change simi~arly, wîth an, increase in amplitude 
• 

'\ _ and decrease in peak time. However, in the recordings 

in figure 10C, a different picture emerges, where the 

b-wave peak time corresponds to wave 3 at both the 

~hird and fqurth weeks, but shifts to wave 4 at the 

fifth week (the b-wave by definition being the most 

positive wave). This results in 'an increase in peak 

time of,the b-wave at the fifth week. The development ~ 

of the ERG is similar in figures,lOA and 10C, the 
-V" , 

difference being the wave peak number corresponding to 

the peak of the b-wave in the fifth week. The OPs on 

the OP (100-1000 Hz) recordings (figure 100) can/ be 

seen to develop sequentially and each corresponds, in 

peak time, to the individual positive waves on the ERG 
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(1-100Ô'H~) recordings. 

The importance of th:e OPs in determining the 
, b 

amplitude' and pea~ time of' the b-wave is further 

illustrated in figure Il; the recording- at . week 4 
o -

shows an ambiguou~ situation where two equa11y" 

'" positive peaks ~re present, both measuring 62.7 
C> 0 

microvolts frolQ the trough of the a-wave. ,If one 

considers wave 4 as the b-wave, wave 3 would be an OP. 

However, should wave "3 be eonsidered the b-wave by 

virtue of .o~togenesis (sinee wave 3 is the highest 

peak at ,an earlier week) , wave 4 woulâ have to be 

considered,. an OP occurring after the peak or the b-· 

\\rave. 

~, 
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liaure 9: SUmmary of ERG and OP measunments with age 

(background intensity 520 lux. flash intensity 10.0 

cd/m2/sec) weekly data 

b~amp Cb-wave amplitude), b-pt (b-wave peak time), SOP 
9 

(summed amplitudes OP2,3,4), OP-pt (OP peak time) , o~-

OP (inter OP time interval). Data points represent 
-

mean ± 1 standard devlation. Amplitudes are measured 

in microvolts, time in mi~liseconds. 
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ligure 10: Maturation of the light-adapted ERG: 

weekly measurements (background: 520 lux; flash 

intensity: 10 cd/m2/sec) 

-There was ~ore variability of measurements dealing 

wlth the b-wave in light versus dark adaptation. Wave 

4 takes over wave 3 in amplitude,at week 5 (figure C) 

causing a sudden shift jn b-wave peak time. ~The 

presence and _ -, ampl i tude of the individual OPs 

correspond to the individual waves, similarly 

f nUmbered, on the ERG. o However , the highest peak is 

always the same (wave 3) in ~igure A. The highest peak 

is 'also always the same (wave 4) in dark adaptation, 

from week 30nwards (figure 4), resulting in a regular 

change of b-wave parameters with age. "-The vertical 

_arrow indicates flash onset. Calibration: horizontal 
1 

bar in milliseconds, vertical bar in m~crov~lts. 
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FigUre Il: Maturàtion of the light-adapted ERG: w~ekly 

measurements (background: 520 lux; flash intensity: 10 

cd/m2/sec) 

The recording at week 4 presents a difficulty in 

_determining the site of the b-wave, based on the 

definition of the latter as the most positive wave 

(see text). The vertical arrow indicates flash onset. 

• Calibration: horizontal bar in milliseconds, vertical 

bar in microvolts. 
" 



( 

b 
2 

W a • 
3 

::-

E 
'E 

G

3 

( K 
/ 

"- 4 
4 c' 

a 

12 

, 
• 



o 

,0 

DiscUBBiqD 

Dark Adaptation 

" ,,~ ';: ~ l " 

As shown in figure 5, the b-wave and OP peak 

times change simultaneously and, the SOP/b-wave 

amplitude ratio is constant, as the rabbits age. This 

is ïn contra st to the results of Hamasaki and Maguire 

(1985) in the case of the kitten, . where OPs developed 

at a slower rate than the b-wave. Sanada (1964b), 

however, noted the appearance of OPs 'in rabbits as -
early as that of the neg~ive wave (a-wave), in 

co~cert with Qur results. The b-wave in the ~abbit 

develops with increasing amplitude and decreasing 

peak, time to age 40 days, as noted by Reuter (1976). 

We also note a pr9gressive increase in amplitude and 

decrease in peak tim'e of the b-wai-e and OPs wi th the 

bright flash. 

The b-wave parameters change similarly when the 

dim flash is used. T~e OPs, however, are not visible 

until the fifth wee~ (figure 7). This, apparent 
\ 

inconsistency results trom the effect of the recording 
1 

f ' h' l , h ~lt7r, as S own ~n f~gure 8, w ere OPs are not 

demonstrated on the 100-1000 Hz recording but·are seen 

on the 30-1000 Hz 
\ . 

tracl.ng. This is caused by 

attenuation of frequencies below 100Hz in the former 
-

case; the'lower the frequency from 100 Hz, the greater 

the attenuation. The standard choice of a 100-1000 Hz 

bandwidth' has been recommepded for normal human OP 

recordings, where the OPs were shown to be in the 125 

~ ... , .;i, 11,1;: 
1 ~ -r~ 

• 
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to 150 Hz range (Gur and Zeevi". 1980; McCulloch et 

al., 1972; Tsuchida et~al., 1973). In the dark adapted 
" 

rabbit, howeyer, OPa evoked with a dim flash at week 5 • 

are of a frequency domain c~oser to 90 Hz, resulting 
t 

in a greater attenuation by the 100-1000 Hz bandwidth 

fil ter. The frequency domain of the OPs is not only 

dependent on the level of maturation reached by the 

retina, as shown in figure 5 (OP-OP interval), but on 

the intensity of the stimulus as weIl (dim versus 

bright light). The 100-1000 Hz filter is inappropriate 

in our setting, when the dim stimulus is used, -and may 

be inappropriate for abnormal human recordings , where 
, 

OPs have been shown to be selectively abolished, as in 

diabetic retinopathy (Brunette and Desrochers, 1970; 

Speros and Priee, 1981). Similarly, the results of' 

Hamasaki and Maguire (1985) that cat OPs deve~op later 

thàn'the b-wave, may have been caused by their choice C 

of recording fil ter bandwidth (100-10UO Hz) to record 

the OPs. Sanada (1964) chose a 15 Hz low frequency 
-

-cut-off to record data, with a different result for 

reasons as explained above. 

Reuter (1976) described two b-wave processes in ... 

the growing rabbit, in dark adaptation: the "slow b-
, 

, wave" of low threshold, long pe~k latency and no OPs, 

seen with low stimulus intensity; and the "fast b

wave" , of higher threshold,' shorter latency 

presence of OPs, seen with high stimulus intensity. 
\ , ~ 

We find, however, that OPs are seen with the dim flash 

/ 

/ 
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~ 

recorded with a 30-1000 Hz bandwidth. The OPs 

1nt~qrate to ,form a b-wave with a smooth appearance, 

but on cI oser inspection form irregularities on the 
~ 

risinq slope of this wave '(figure 8)., These 

irregularities are also seen in Reuter's (1976) 

recordings. A change in frequency, domain of the OPs 

with changing liqht intensity would explain his 

appa~ent two G-wave processes. Th~ b-wave peak times 

appear to change irregularly within t~e second week 

(figure 6). However, the integration of OPs to"form 

the ERG would explain this finding, as new OPs appear 

and contibute to the most positive portion of the ERG 

waveform. As seen in figure 6, OP2 is noted first, 

-~ollowed py the development of OP3 and OP4. A similar 

sequential formation of OPs in dark adaptation was 

also noted by ôthers in rabbits (Sanada, 1964a, 1964b) 

and kittens (Hamasaki and Maguire, 19~fter week 

2, however, aIl OPs are present with unchanginq 

relative" contributions, resulting in a regular and 
1 

predictab~C~ange of b-wave parameters (amplitud~ and 

peak time) with age.' 
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Light Adaptation 

The Pho~opic ~-wave and OP amplitudes increase, 

and peak tim~sldecrease,. with age. The measurement of 

some recordings, however, , yields b-wave peak times 

thàt change irregul~rly with age, as in figure 10C, 
lt. 

where the b-wave peak time decreases froE the second 

to the fourth week but increases at the fifth- week. 
~ 

Tbe peak time of any individual wave in the recording 
" 

decreases at a regular rate, from-the time that it is 

clearly visible at week 3. However, the b-wave' peak 

time changes depending on which individual wave has 

'the highest amplitude. The b-wave peak time (figure 

10C) can be seen to corres~nd to wave 3 at the fourth 

week, but to wave 4 at the fifth week. It is this 

shift that results in a sudden 

time, a result which PQint~ to 

the definition of the b-wave. ,. 

in~ease in b-wave peak 

th,farbitrary nature of 

The recording a~ the fourth week in figure 11, 

where waves 3 and 4 are of equal height, presents a 

problem in identification of the peak of the b~wave. 

r 

The view as established by Cobb and Morton (1954) 

would be of an OP (wave 3) superimposed on the b-wave 

(Which corresponds t6 wave 4). The amplitude of wave 3 

is at first higher than that of wave 4 \~t the third 

week, becoming equal in height at the fourth week. The 

view' that wave 3 is an OP superimposed on the b-wave 

(wave 4), at the fourth week, requires that this also 

h~ld for the third week; this OP (wave 3) would be ( 

1 
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" 
larger than tne b-wave (wave 4) at this stage, a v~ 

"\ 

inconsistent with that of an ERG containing OP~ that 
. 

ride on the rising slope of the b-wave. The results 

are therefore more compatible with the view that waves 
1 

3 and 4 are building blocks of the ERG,- corresponding 

to OP3 and OP4, respectively. The individual numbered 

.. waves of the ERG correspond t,o those on the 100-1000 

Hz recording. The OPs are more visible on the 100-1000 

Hz recordlngs, as they are higher frequency components 
1 

which are selectively recorded by this bandwidth (Gur 

and Zeevi, 1980; McCulloch et al., ~972; Tsuchida et 

al., 1973). 

/ The b-wave takes form with age, as the OPs 

~ develop in amplitude, decrease in peak time and 

increase in frequency domain from 99 ± 16 Hz at week 

3, to 119 ± 10 Hz at week 5. 
\., 

The contribution of 
, 

changing OP amplitudes and peak . --tl.mes, to b-wave 

genesis, has b~n described~~sewhere (Lachapelle, 

1985a, 1985b; Lachapelle et al, 1983, 1986a, 1986b)~ 

The b-wave peak time reflects the peak time of the op, 

that happens to contribute to the most positive 

portion of the b-wave at a specific ag~. Similarly, 
~ 

Berson et al. <.1969) foünd that the addition of new 
• <> 

OPs, with increasing light sti~ulus, "complicated" the 

measurement of the ,human photopic b-wave peak time 

because of their overriding the basic waveform. The 

peak time of the b-wave increased with an increàse i~ 

flash intensity. 

'. , :~~~~~~~ 
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Conclusions 

1. The a-wave is the first ERG wave to appear in a 

consiltent way. It is recorded as soon as the eyes are 

open (day 7). 

-2. The b-wave and OP amplitudes and peak times change 
J 

at the same rate (Figures 4,5,6,9,10). This is 

compatible with ttie view that OPs are major building 
~, 

blocks of the ERG. 

3. The b-wave peak times change irr~gulàrly within the 

second week in d~rk adaptation (Figure 6) and, in sorne 
>l{M:'"'-

• cases, in lighti~~daptation (figures 10,11) • Tha 

integration of OPs to form the ERG signal wouly 
/ 

explàin this findlng, as the ERG waveform correlates 
. • t> 

w1th the number of OPs, their relative amplitudes ~nd 

frequency domains. 

4. The maturation ~ sequence is a-follows as 

wave •.. OP2 •.. 0P3 & OP4. 

5 •. The f~equency domain of the OPs needs to be taken 

1nto consideration in choosing a recording bandw.idth 

(figures 7,8). o 

The origin of the OPs appears to be stratified 
\ 

within the retina (Wachtmeiste~ and Dowling, 1978) and 
o 

~ere is evidence that they may originate from 

different retinal stru,ctures. (Gutierrez and spigu~l, 

1973; Heynen and van Norren, 1985;' Wachtmeister and 

Dowling, 1978; Pachecq.and Muzquiz, 1982). Our results 

~how that the addition of the~e OPa directly predicts 

, . 
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the change in b-wave morphology with age., This 

suggests, 

that the 

genesis, 

contrary to previously published· material, 

OPs are important contributors to b-wave 

. . f . 1 ti S1nce they are respons1ble or 1ts peak me 

and amplitude. / 
1 The ERG is the only clinical test now available 

to permit an objective evaluation of the functional 

integrity of the retina. At present, clinical 

interpretation is restrièted to the measurement of the 

amplitude and peak time of the b-wave. ~pi~ study 

.. A \ • 

shows· that.the OPs are of maJor importance in forming 
, 
the b-wave and should be regarded as primary visùal 

events when examining ERG changes-in disease. It is 
.. 

hoped that this will increase the diagnostic 

usefulness of the ERG • 
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Table lA: Dakk adapteg gata (flash intensity J.2 

cd/ma-Isec) 
. 

The peak time (PT) is measured in milliseconds from 

flash onset. The amplitude (AMP) is me~sured in 

microvolts. The a-wave is a negative wave. The 

• positive wave peaks are numberedi the highest one is 

the b-wave, by definition, and is underlined. OP 

parameters are measured on the 100-1000 Hz recordings, 

which includes 

corresponding 

those ocur~ng, in time, 

b-wave on the 1-1000 Hz 

up to the 

recordings. 

Parameters that could not be m~asured, are marked with 

a dash. 

, 
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(1-1000 Hz recordinq) 

~ a-wave' wave 1 wave 2 wave 3 wave 4 
0 , PT' AMP PT AMP PT AMP PT AMP PT AMP 

WeE!k 2 22.0 5.9 
-

18.1 3.6 ~71Q JI§ 53.0 5.9 

lJOoO 3.2 ~2!0 3.8 
26.1 12.6 4.2 
22.0 10.5 

Week 3 22.4 25.2 3~ .1 18.5 42.0 29~ !2!2.2 ~5.~ 
20.9 25.0 3 .1 20.8 41.0 28 8 53.6 38.4 60.1 41.1 
20.4 39.7 29.6 24.6 37.8 40.5 48.4 65.9 
22.8 18.9 33.7 19.5 46.4 42.2 
20.0 32.6 28.4 22.1 35.8 35.5 46.2 59.6 
18.2 27.1 25.9 16.8 33.8 35.9 44.2 65.1 

Week 4 17.2 38.9 25.0 31.5 31.9 62.0 41.0 99.6 62~0 55.2 
17.2 21.0 25.'1 18.9 31.2 27.9 41.8 50.8 58J8 24.2 
14.8 16.2 24.1 10.9 30.8 18.5 42·~ 37.4 
17.4 14.3 34.0 35.1 46.1 58.8 
18.0 19.9 27.0 19.9 32.f5 35.5 41.2 56.5 160211. 7 24.~ 25.0 30.0 52.9 40.0 91.6 48.1 57.5 , Week 5 16.1 8.6 24.8"34.4 31.0 69.7 38.9 109 60.0 53.3 
16.2 3.6 24.8 24.2 30;0 42.0 38.8 71.9 
15.4 32.3 23.2 19.3 29.4 38.0 3a.6 58.0 .. 16.8 24.8 24.5 25.8 31.8 42.0 ~1!0 60.5 
15.8 21.8 25.1 22.9 30.0 43.4 3§!2 66.0 
15.4 10.1 23.8 14.3 29.7 23.5 37!9 43.9 • 
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r~ 1 

(100-1000 Hz recording) 
\ 

0 
1 o • 

/-

OP 2· OP 3 OP 4 OP 5 " 

<1 
) 

PT AMP PT AMP PT AMP PT AMP Jfr 

Week 2 .. 
22.4 0.4 
25.0 0.5 
34.0 1.2 
23.9 1.2 36.1 0.6 48.0 0.6 70.0 0.7 

f 

Week 3 26.4 3.3 39.2 2.0 50.0 2.3 
, 24.0 1.5 38.1 0.6 47.2 1.0 57.5 0.3 

) ti 26.1 5.0 35.6 3.1 45.2 6.3 

\ ~2.1 4.5 33.8 3.4 042.0 7.1 

\ 2.5 4.2 31.'0 4.7 40.4 8.6 

Week 4 20.5 7.3 29.2 3.6 38.8 6.8 
20.0 3.8 30.1 2.2 38.8 5.6 

) 
, 

20.4 4.0 29.2 2.5 40.2 5.5 

21.8 4.1 30.8 1.9 37.8 4.6 
20.0 6.2 27.9 5'.0 36.4 10.0 

J 
Week 5 17.0 7.3 25.9 4.0 

21.2 5.8 28.1 2.2 37.2 7.4 

f 
18.3 6.0 25.8 2.9 35.2 5.4 

'- -20. S 4.8 29.6 4.3 39.1 6.7 
19.5 4.6 27.8 2.7 34.2 6.3 
19.2 ?,,7 27.8 2.1 34.6 5.9 '\ 

~ 

Interpeak interval average: week 3 10.3 ± 1.2 msee 

week 5 8.2 ± 0.8 msee 

(i .e •. frequ~y domain increases with age from ,97 Hz 

to 122 Hz) 
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f 
Table lB: Park a~apted data (flash' intensity 0.32 

,2 
cdlm Isec). 

. 
" 

In addition to 1-1000 Hz (ERG) recordings, 30-1000 Hz _~ 

• recordings were done at weeks 4 and 5 for which data 
1 

are shaWn. The 100-1000 Hz recordings yielded po orly 

visible OPs which were not measurable. 
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,,} ., 
(1-1000 Hz recording) !', 

" . 
0 

.. 
a-wave waye 1 wav.e 2 , wave 3 wave 4 

, 
~~ 

PT AMP PT AMP PT AMP PT AMP PT Al:fP 
~' ~ 
i Week 2 -/ 

0 
{'; 

16.8 1.3 28-.0 1.8 57.0 2.5 

86.1 7.8 
85.6 7.5 1 

Week 3 21.0 2.1 ' 78.0 12.2 .. 
2Z.4 3.3 50.4 12.6 66.4 21.7 81.6 2~.5 
25.6 7.8 42.4 15.7 64.8 29.8 77.6 j1.3 
26.4 4.8 83!2 19.2 

-20.8 4.4 40.8 
" 

13.7 72.0 31.2 
21.6 2.8 36.,8 14.3 58.4 32.5 

• Week 4 17.6 6.2 59:2 65.8, ~ 
17.6 3.1 36.0 16.8 57.1 27.3 
20.8 2.7 ,54.4 17 .. 7 
a1.6 10.3 59.2 40.3 
19.2 3.9 33.6 14.5 57.6 30.2 ... 
18.4 5.9 34.4 25.4 51.2 50.6 

~ .. 
Week 5: 17.6 5.6 50.4 71.7 0 ~ 

~- 19.2 6.9 32.0 22.8 0 56.8 4~. 2 
~ 19.2 9.7 47.2 45.0 

18.4··2.6 52.8 38.5 -19.2 2.S 55.2 39.6 , ij} 

12.0 0.7 31.2 12.7 56.8 26.5 
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(30-l000 Hz ~ecor~in9') 

\ I. 

( 
, 

OP 2 OP 3 OP 4 OP 5 
. 1-

PT AMP PT AMP PT AMP , PT AMP 

Week 4 029.0 4.8 42.4 3.4 
1 

Week 5 26.0 9.2 38.6 1.8 , 
26.1 7.0 30.8 0.8 38.0 2.~4.8 1.2 
26.0 7.4 

" 
29.4 6.0 37.9 1.6 
25.8 5.2 40.0 2.0 1 

30.1 4.4 41.5 3.4 58.0 2.0 
. f', 

Interpeak intervals average to 11.1 ~ 3.5 msec at week 

5 (i. e. 90 Hz frequency domain) 
\ 

J (, r 
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Table 2: Light adapted data. 

The peak time (PT) is measured in milliseconds from 

flash ons et. 

tcrov~lts. 
The amplitude 

The a-wave is 

(AMP) is measured in 
Ci 

a negati ve wave. The 

positive wav~ p~aks are nUmbered; the highest one is 

the b-wave, by definition, and is underlined. OP 

pârameters are measured on the 100-1000 Hz recordings, 

which includes those ocurring, in time, up to the 

corresponding b-wave on the 1-1000 Hz recordings. 

Parameters that ceuld net be measured, are marked with 

a dash . 

" 
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" 

(1-1000 Hz recording) 

~ a-wave, wave 1 wave 2 ' wave 3 wave 4 
. 
PT AMP PT -AMP PT AMP PT AMP PT AMP 

Week 2 22.0 2.7 38.0 4.5 

13.6 4.0 
18.4 2.1 37.6 ~.7 
27.2< 8.7 93.2 14.7 
11.6 7.1 41.6 15.0 

Week 3 . 12.0 9.1 2516 30.0 33.6 32.8 43.2 25.7 
10.4 8.8 24:8 29.3 31.2 33.0 54.4 13.0 
12.0 11. 6 25.6 33.4 32.8 36.4 39.2 32.4 5'§.2 12.1 
13.6 7.9 28.8 29.1 38. ~ 33.6 

t,' 11.2 9.6 23.2 41.2 
10.4 9.1 23.2 28.3 32.0 42.3 44.0 25.7 55.2 12.2 

~ 
k 
~ Week 4 9.0- 11. 6 20.8 35.7 30.4 62.9 36.0 4fL 7 ): 
" 10.4 6.2 21.6 24.9 29.6 39.7 38.4 24.8 48.8 13.9, ~ 
f 11.2 9.2 21.6 21.4 28.8 38.2 36.8 21.5 " f 11.2 7.4 21.6 21.1 30.4 36.3 37.6 20.0 48.0 8.1 ç 

11.2 10.7 20.8 28.8 28.0 53.1 35.2 40.1 44.1 19.4 
9.6 10.1 20.0 31.3 27.2 62.7 36.8 62.7 51.9 13.0 

C 
Week 5 8.8 10.0 19.2 43.1 26.2 82.6 34.4 53.4 47.2 15.7 

11. 2 5.4 19.2 21.3 27.2 40.7 33.6 19.0 41.6 7.7 
11.2 7.6 20.8 30.8 28.8 53.4 36.0 26.7 
10.4 8.4 20.8 28.8 28.8 50.0 36.0 29.4 47.2 11.4 
12.0 13.4 20.0 29.9 27.2 56.6 34.4 82.7 48.1 20.2 
9.6 8.0 19.2 29.7 26.4 64.7 48.8 14.8 

., , 

• 
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(100-1000 Hz recording) 

OP 2 OP 3 OP 4 OP 5 

PT AMP. PT AMP. PT' AMP PT AMP 

Week 2 
• 

19.5 1.2 
20.0 7.0 
16.9 1.8 
14.2 1.5 

Weèk 3 20.6 3.6 31.6 1.7 41.2 1.6 
20.0 3.9 29.0 1.1 
20.5 4.0 31.4 2.2 37.1 1.2 

lS __ 0 4.3 30.6 4.5 
lS.4 3.7 29.6 5.8 41.0 4.5 

Week 4 16.4 6.5 25.S 9.8 35.4 3.6 
16.9 3.5 27.1 6.1 36.6 3.8 
lS.2 3.4 28.1' 6.5 37.2 4.8 
17.2 3.4 27.0 5.9 35.9 2.6 
lS.1 6.2 26.2 9.4 33.6 7.3-
17.5 5.6 25.0 12.0 34.1 12.8 

Week 5 15.5 7.8 23.5 15.9 31.7 9.4 
15.6 4.5 24.5 6.6 
16.2. 5.8 25.4 9.7 - 34.2 4.5 
16.4 4.8 25.2 9.9 33.0 4.1 
19.0 7.6 26.4 8.6 33.8 9.5 
16.2 4.6 24.4 11.6 

Interpeak interval average: week 3 10.1 ± 1.7 msec 

week 5 8.4 ± 0.7 msec 

(i.e. frequency domain increases with age from 99 Hz 

to 119 Hz) 
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