
458 Electroencephalography and clinical NeurophysiologF , 1990, 77:458-470 
Elsevier Scientific Publishers Ireland, Ltd. 

EVOPOT 89210 

Effects of stimulus repetition rate on ABR threshold, amplitude and latency 
in neonataA and adult Mongolian gerbils t 

Gall  S. Donaldson and Edwin W Rubel  2 

Departments of Otolaryngology and Communication Disorders, University of Virginia Health Sciences Center, Charlot~esoiile, 
VA 22~08 (U.S.A.) 

(Accepted for publication: 30 January 1990) 

Summmy The ABR wave forms of 16-day-old and adult Mongolian gerbils were evoked by click stimuli presented at rates 
ranging from 1 to 80/sac. Wave 1 and wave IV thresholds were determined for each of 5 click rates. Amplitudes and latencies of 
waves I and IV were measured at each of 7 click rates and 3 intensity levels (15, 40 and 65 dB above threshold). Thresholds for waves 
I and IV in the adult gerbil and wave ! in the 16 day gerbil were unaffected by changes in stimulus repetition rate. Neonatal wave IV 
thresholds were unaffected by click rate for rates below 25/see but increased approximately 7 dE/decade increase in click rate when 
rate exceeded 2S/sac. Increasing click rate produced greater reductions in ABR amplitude among neonates than adults for both 
waves I and ~V. Decreases in amplitude due to increasing rate were independent of intensity level in both neonatal and adult subjects. 
Increasing rate produced similar increases in wave I latency among 16 day and adult subjects, but produced much greater increases in 
wave IV latency among neonates. Stimulus intensity level and click rate acted independently on wave I and wave IV latency in adult 
subjects and wave I latency in neonates. However, an interaction between rate and intensity was observed with respect to neonatal 
wave IV latency. 
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The auditory brain-stem response (ABR) is 
widely used in both clinical and experimental ap- 
plications to assess peripheral hearing sensitivity 
and/or ~rain.stem auditory nervous system func- 
tion. Three parameters of the ABR response are 
routinely measured: threshold, amplitude and 
latency. 

The effects of stimulus repetition rate on the 
ABR warrant investigation for several reasons. 
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First, ABR rate effects vary according to the 
maturational and neurological characteristics of 
the subject, with immature and/or neurologically 
impaired subjects exhibiting greater rate effects 
than others (Fujikawa and Weber 1977; Pratt et 
al. 1981; Gerlin 8 and Finitzo-Hieber 1983; Lasky 
1984b). Consequently, knowledge of rate effects 
can both facilitate assessments of neurological 
function and potentially increase understanding of 
auditory system development. Second, stimulus 
presentation rate directly affects data collection 
time for ABR testing. As hundreds or thousands 
of stimuli are involved in a single ABR assess- 
ment, it is desirable to use the most rapid stimula- 
tion rate which is appropriate for a given applica- 
tion. However, appropriate rates can be de- 
termined only when the effects of  increasing rate 
have been characterized for all relevant measures 
of the ABR. Third, while the effects of repetition 

0168-5597/90/$03.50 © 1990 Elsevier Scientific Publishers Ireland, Ltd, 



ABR RATE EFFECTS IN NEONATAL AND ADULT GERBILS 459 

rate on ABR latency have been studied extensively 
among normal adult and infant populations as 
well as in neurologically and/or hearing-impaired 
subjects, the effects of repetition rate on ABR 
amplitude and threshold have received little atten- 
tion. 

Increased stimulus repetition rate is associated 
with increased latency, decreased amplitude and 
alterations of wave form morphology in the ABRs 
of adult humans (Thornton and Coleman 1975; 
Don et al. 1977; Weber and Fujikawa 1977; 
Chiappa et al. 1979) and mammals (Jewett and 
Romano 1972; Shipley et al. 1980; Church et al. 
1984; Burkard and Voigt 1989; Kelly et al. 1989). 
In human adults, it has been shown that latency- 
rate functions are approximately linear for click 
rates ranging from 10 to 100/sec (Don et al. 1977) 
and that increasing rate has a greater effect on 
absolute latency for later waves of the ABR as 
compared to earlier ones (Yagi and Kaga 1979; 
Debruyne 1986). Similar findings with respect to 
ABR latency-rate functions have also been re- 
ported in the adult gerbil (Burkard and Voigt 
1989). 

Only a few investigators have systematically 
examined the effects of stimulus rate on ABR 
component wave amplitudes or the possible inter- 
action between stimulus intensity level and either 
latency-rate or amplitude-rate functions. The find- 
ings of Pratt and Sohmer (1976) in children and 
Yagi and Kaga (1979) in adults suggest that am- 
plitude-rate effects, in contrast to latency-rate ef- 
fects, are greater for early waves of the ABR than 
for later waves. Studies in which both stimulus 
repetition rate and intensity level have been varied 
suggest that the effects of increasing rate on adult 
wave V latency are independent of stimulus inten- 
sity over a moderate range of intensity levels (30- 
70 dB HL; Don et al. 1977; Weber and Fujikawa 
1977; Gerling and Finitzo-Hieber 1983; Paludetti 
et al. 1983). However, little is known about the 
relationship between repetition rate and intensity 
level for other parameters of the response. 

The effects of increased stimulus repetition rate 
on ABR latency and amplitude are more pro- 
nounced among infants than adults. For a fixed 
stimulus intensity level, the slopes of wave V 
latency-rate functions increase with decreasing 

subject age (Fujikawa and Weber 1977; Despland 
and Galambos 1980; Dey-Sigman et al. 1984; 
Lasky 1984a, b; Zimmerman et al. 1987). Dey-Sig- 
man et al. (1984) have further suggested that wave 
V latency-rate effects in newborns vary as a func- 
tion of stimulus intensity level, with increases in 
rate causing the greatest increases in latency at 
high stimulus intensities. Newborn amplitude-rate 
functions have proven difficult to characterize, 
partly because amplitude measures are highly vari- 
able among infant populations (Dey-Sigman et al. 
1984; Lasky 1984b). However, the findings of 
Dey-Sigman et al. (1984) again suggest that 
stimulus repetition rate and intensity level may 
interact non-linearly in their effects on newborn 
ABR amplitude. 

In the present study, we evaluated the auditory 
brain-stem response in 16 day and adult 
Mongolian gerbils. Gerbils are well suited to de- 
velopmental studies of hearing as they begin hear- 
ing postnatally (12-13 days after birth) and have a 
readily accessible cochlea. In addition, substantial 
baseline data have been collected with respect to 
the development of hearing in this species (Finck 
et al. 1972; Harris and Dallos 1984; Woolf and 
Ryan 1984, 1985a, b; Yancey and DaUos 1985; 
Smith and Kraus 1987). At each age, we de- 
termined the effects of increasing click rate on 
ABR threshold and characterized the effects of 
increasing rate on both amplitude and latency of 
the response at several stimulus intensity levels. 
ABR thresholds for waves I and IV were evaluated 
as a function of click rate. Amplitudes and laten- 
cies for waves I and IV were measured as a 
function of click rate and suprathreshold intensity 
level. 

Materials and methods 

Subjects were Mongolian gerbils (Meriones un- 
guiculatis). Pilot experiments, used to develop ex- 
perimental methods and determine appropriate 
stimulus parameters, involved approximately 50 
gerbils of various ages. Data presented herein were 
subsequently collected from 14-16 day (neonatal) 
and 13-10 week (adult) gerbils. Approximately 



460 G.S. DONALDSON, E.W RUBEL 

equal numbers of male and female subjects of 
each age were used. 

Animals were anesthetized with sodium pento- 
barbital (Nembutal), 40-60 mg/kg i.p. initially 
and 10 mg/kg thereafter as needed to maintain a 
very light level of anesthesia throughout the ex- 
periment. Atropine sulfate, 0.6 mg/kg i.m., was 
also administered to all subjects. Adult gerbils 
were tracheotomized. Core body temperature was 
maintained at 37.5 °C in both neonatal and adult 
animals by a feedback-controlled heating pad. 

The right ear was routinely stimulated in all 
experiments. The pinna was resected and, in young 
animals, the opening of the external auditory canal 
was gently expanded using blunt forceps. Grass 
type E2 platinum subdermal electrodes were posi- 
tioned as follows' active electrode (+)  at dorsal 
midline just posterior to the plane of the pinnae; 
reference electrode ( - )  at dorsal midline ap- 
proximately 1.5 cm anterior to the active elec- 
trode; ground electrode in left thigh muscle. Inter- 
electrode impedance always fell between 2 and 5 
kO. 

Acoustic rarefaction clicks were generated by 
0.1 msec square waves and presented to the ear via 
a closed sound delivery system consisting of a 
Telex 1470 earphone coupled to a speculum. The 
speculum was sealed ~o the external ear canal with 
True Mold (Hai.Hen'Co., Long Island City, NY) 
impression compound. The acoustic spectrum of 
the click was limited to frequencies below 6.5 kHz 
and was approximately 3 msec in duration. Sound 
pressure near the tympanic membrane was moni. 
tored using a Knowles BL-1830 microphone input 
to a B and K Type 2031 Narrow Band Spectrum 
Analyzer. 

Evoked responses were amplified (20,000 or 
50,000 × ), bandpass filtered (100-2000 Hz, 24 
dB/octave rolloff) and averaged on.line by a DEC 
PDP 11/23 computer. The ongoing averaged re- 
sponse wss monitored on an oscilloscope and the 
final wave form was plotted on an XY recorder 
and stored on disk. Recording windows were 10 
msec for experiment 1 and 20 msec for experiment 
2. Two wave forms were collected under each 
stimulus condition to ensure wave form repeat- 
ability. In addition, threshold level responses at 
the 10/se~; click rate were recorded periodic~ly 

during the course of each experiment to ensure 
that the ani'mal's physiological status had not de- 
graded. 

Experiment 1: threshold data 
Threshold data were collected from 5 neonatal 

and 5 adult gerbils. Five click repetition rates were 
used: 1, 10, 25, 50 and 80 clicks/see. For each 
click rate, wave I and wave IV thresholds were 
determined by systematically attenuating the 
stimulus from a moderate intensity level (where 
the response could clearly be seen) to a level 
where no response was observed. Stimuli were 
decremented in 5 dB steps near tbreshold. 
Threshold was defined as the lowest intensity level 
for which a repeatable wave I or wave IV response 
could be visually detected in the plotted wave 
form. The number of click stimuli used to elicit 
each wave form varied according to repetition rate 
as follows: 200 stimuli at 1 click/see, 500 stimufi 
at 10 clicks/sec and 1000 stimuli at 25, 50 and 80 
clicks/see. Pilot experiments which compared re- 
sponses comprised of 200 vs. 500 stimuli at 1 
click/see and 500 vs. 1000 stimuli at 10 cficks/sec 
revealed no consistent differences in threshold, 
amplitude or latency measures as a function of 
stimulus number. "Ihus, we felt justified in using 
fewer total stimuli to elicit wave forms at the 
slower click rates. 

Experiment 2: amplitude / latency data 
Amplitude and latency data were collected from 

9 neonatal and 8 adult gerbils. For each animal, 
wave I threshold was determined as previously 
described using a stimulus rate of 10 clicks/sec. 
(Data from experiment 1 had shown wave I 
thresholds to be equally sensitive at 1 and 10 
clicks/sec for both age groups.) ABR wave forms 
were then collected for each of 3 intensity levels 
(15, 40 and 65 dB above wave I threshold). At 
eacl~ level, 7 click rates were examined (1, 2, 5, 10, 
25, 50 and 80 clicks/see). Peak-to-trough ampli- 
tudes and peak latencies for waves I and IV were 
measured directly from the plotted wave forms for 
each of the 21 stimulus conditions. 
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Results 

Representative wave forms from an adult and a 
16 day gerbil are shown in Fig. 1. The adult gerbil 
ABR consists of 6 vertex-positive peaks which 
occur within 7 msec of stimulus onset (Smith a~d 
Kraus 1987), with waves I and IV be'tag most 
prominent. The 16 day gerbil ABR differs from 
the adult wave form in morphology, but con- 
sistently demonstrate~ clear wave I and wave IV 
components correspo~ding to those which char- 
acterize the adult response. 

Threshold 
Threshold data are presented in Fig. 2. At slow 

click rates, thresholds for 16 day gerbils were 
10-20 dB poorer than adult thresholds, consistent 
with the fact that auditory sensitivity is still some- 
what immature at 16 days (Finck et al. 1972; 
Harris and Dallos 1984; Woolf and Ryan 1984; 
Woolf and Ryan 1985a; Smith and Kraus 1987). 
Increasing click rate had no effect on adult wave I 
or wave IV thresholds, or on wave I thresholds in 
16 day animals. Wave IV thresholds in 16 day 
gerbils became elevated with increasing click rate, 
but differed significantly from baseline (1/sec) 
values only when very fast click rates (50 or 
80/sec) were used. 
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Fig. 1. Representative ABR wave forms from a 16 day and an 
adult gerbil. Positive potentials are plotted as upward deflec- 

tions. 
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Fig. 2. Mean thresholds for waves i and IV as a function of 
click rate for 16 day and adult gerbils. Bars indicate standard 

error of the mean. 

Wave I and wave IV thresholds were analyzed 
using separate age (2) × rate (5) repeated measures 
analyses of variance (ANOVAs). For wave I 
thresholds, both the age × rate interaction and the 
main effect of rate failed to reach significance, 
confirming that increasing click rate had no reli- 
able effect on wave I thresholds in either young or 
adult gerbils. As expected, the analysis of variance 
for wave IV thresholds yielded a significant age × 
rate interaction (F  (4, 32)= 3.18, P < 0.001), with 
follow-up one-way analyses confirming that rate 
had a significant effect on wave IV thresholds in 
16 day animals (F  (4, 32) = 23.32, P < 0.001), but 
not in adults. For 16 day subjects, mean wave IV 
thresholds at 50 and 80 clicks/sec differed signifi- 
cantly from the mean 1/sec baseline threshold 
and from each other (Newman-Keuls paired com- 
parisons, P < 0.05), while thresholds obtained at 
10 and 25 clicks/sec were similar to baseline 
values. 

Absolute amplitude 
Wave I and wave IV amplitude-intensity func- 

tions are plotted in Fig. 3 for representative slow 
and fast click rates. Amplitudes always increased 
with increasing intensity level over the range of 
intensities we examined (15-65 dB above 
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threshold). Because there were no statistically sig- 
nificant differences between amplitudes recorded 
at 1, 2 and 5 clicks/sec for any of the 4 age × wave 
categories (Newman-Keuls paired comparisons, 
P > 0.05), amplitude data were pooled across these 
3 click rates. The slopes of wave I amplitude-in- 
te.sity functions were steeper for 16 day subjects 
than for adults, indicating that similar increases in 
suprathreshold stimulus intensity level caused 
greater increases in wave I amplitude for the 
younger animals, Absolute wave I amplitudes for 
neonatal and adult animals were similar in size 
near threshold, but became relatively larger for the 
neonates as stimulus intensity was raised above 
threshold. Increasing click rate had little effect on 
the shape of wave I amplitude-intensity functions 
in either 16 day or adult animals. Absolute wave 
IV amplitudes were larger in adult subjects than in 
neonates, but neonatal and adult wave IV ampli- 
tude-intensity functions had similar slopes. The 
shapes of wave IV amplitude-intensity functions 
were largely unaffected by increasing click rate in 
both 16 day and adult subjects. 
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Fig. 4, Mean amplitudes for waves i and IV as a function of 
click rate and stimulus intensity level for 16 day and adult 

gerbils. Bars indicate standard error of the mean. 

The effects of increasing click rate on wave I 
and wave IV absolute amplitudes are summarized 
in Fig. 4. In general, amplitudes decreased or  
remained constant as rate increased, and ampli- 
tude-rate functions were approximately linear. 

Increasing click rate resulted in decreased wave 
I amplitudes in neonates but not adults. Neonatal 
wave I amplitude-rate functions obt~ned 15, 40 
and 65 dB above threshold were roughly parallel, 
indicating that increasing click rate caused similar 
decreases in wave I amplitude at all 3 intensity 
levels. Adult wave I amplitudes were constant as a 
function of click rate at all stimulus intensities. 
Wave IV absolute amplitudes decreased with in- 
creasing click rate in both neonates and adults. 
However, wave IV amplitude-rate effects were 
greater for the neonatal subjects. For 16 day 
animals, the effect of increasing click rate on wave 
IV amplitudes appeared to be greater at 65 dB SL 
than at lower stimulus intensities; however, this 
interaction of rate and intensity was not con- 
firmed by statistical analysis. Adult wave IV am- 
plitude-rate functions were approximately parallel 
across intensity level 

Separate age (2) × rate (7) × intensity (3) re- 
peated measures ANOVAs were performed on 
wave I and wave IV absolute amplitude data. The 
wave I analysis yielded a significant age × intensity 
interaction (F  (2, 24) = 8.94, P < 0.005), which 
confirmed that increasing intensity level produced 
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greater increases in wave I amplitude among 
neonates than adults, and a sit, nificant age × rate 
interaction ( F  (6, 9 0 ) -  12.67, P < 0.001), which 
confirmed that increases in click rate reduced wave 
I amplitude to a greater extent in neonatal animals 
than in adults. Neither the age × rate × intensity 
nor the rate × intensity interactions for wave I 
amplitude approached statistical significance. The 
wave IV analysis of variance yielded a significant 
age × rate interaction ( F  (6, 90)-6,21,  P < 
0.001), which confirmed that increasing click rate 
reduced wave IV amplitudes more among neonates 
than adults. The age × rate × intensity, rate × 
intensity, and age × intensity interactions for wave 
IV amplitude all failed to approach significance. 

Percentage change in amplitude 
At slow dick rates, different combinations of 

age, wave and intensity level produced mean ab- 
solute amplitudes of different sizes. In order to 
evaluate the effects of increasing click rate on 
amplitude across these variables, we transformed 
absolute amplitude data into units of percentage 
change in amplitude based on amplitude values 
obtained at the slowest click rate. Amplitude data 
associated with each of the 12 combinations of 
age, wave and intensity level were considered sep- 
arately. Within each data set, amplitudes obtained 
using click rates faster than 1/sec were expressed 
as percentages of the amplitude obtained using a 
1/sec click rate. The resultant values are pre- 

sev, ted in Table I. Increasing click rate resulted in 
greater percentage reductions of wave I and wave 
IV amplitude among neonates than adults. While 
increasing click rate produced equivalent de- 
creases in neonatal wave I absolute amplitude 
across intensity level, increasing rate appeared to 
cause the greatest reductions in neonatal wave I 
percentage amplitude at low intensity levels. This 
contrast can be explained by the fact that wave I 
absolute amplitudes in 16 day animals were much 
smaller when elicited by low intensity as com- 
pared to high intensity stimuli. Thus, a similar 
decrease in absolute amplitude represented a much 
greater percentage change in amplitude for re- 
sponses near threshold. Among adult subjects, a 
percentage reduction in wave I amplitude with 
increasing click rate was apparent only at the 
highest stimulus intensity level. Percentage changes 
in wave IV amplitude due to increasing click rate 
appeared to be independent of stimulus intensity 
level for both 16 day and adult subjects. 

Amplitude ratios 
Mean wave IV/wave I amplitude ratios are 

presented in Table II. Such amplitude ratios pro- 
vide a means of comparing wave I and wave IV 
absolute amplitudes and the relative effects of 
increasing click rate and/or  intensity level on 
each. For adult subjects, wave IV amplitudes were 
generally larger than wave I amplitudes, resulting 
in mean amplitude ratios which were always 

TABLE l 

Mean (S.E.) percentage amplitudes of the ABR by age, wave, intensity level and click rate. Within each age×wave×intensity 
category, 100~ amplitude represents the mean amplitude measured at I click/sec. 

Age Wave Intensity Rate (click/see) 
(dB SL) 1 2 5 10 25 50 8O 

16days I 15 100 92.3 (2.5) 92.8 (4.4) 89.1 (5.2) 73.8 (3.5) 61.9 (3.4) 
40 100 99.9 (2.3) 96.5 (2.1) 89.9 (2.1) 81.1 (3.2) 67.4 (3.6) 
65 100 101.1 (4.5) 98.8 (5.1) 96.9 (4~) 89.8 (6.7) 82.9 (5.8) 

IV 15 100 101.5 (9.4) 85.4 (12.0) 93.3 (13.7) 84.1 (11.9) 56.6 (9.5) 
40 100 102.5 (9.1) 89.9 (5.2) 84.2 (3.6) 79.1 (6.8) 60.7 (5.9) 
65 100 97.5 (7.4) 104.6 (9.6) 109.9 (9.3) 100.3 (4.3) 70.9 (3.4) 

Adult I 15 100 91.2 (5.6) 87.0 (5.2) 92.9 (5.5) 99.6 (6.2) 100.1 (6.9) 
40 100 92.6 (2.8) 100.1 (4.6) 96.4 (5.7) 92.8 (7.1) 100.3 (6.5) 
65 100 97.0 (6.1) 98.4 (5.6) 101.4 (8.2) 94.8 (9.2) 85.9 (7.4) 

IV 15 100 99.6 (8.9) 101.0 (9.7) 101.3 (13.2) 106.8 (12.9) 102.7 (17.9) 
40 100 107.3(10.0) 110.9(10.1) 108.7 (7.1) 108.5 (7.0) 95.6 (3.6) 
65 100 106.7 (5.5) 113.8 (4.3) 109.5 (7.7) 106.5 (4.5) 95.4 (4.7) 

57.3 (4.7) 
62.0 (2.4) 
83.8 (6.6) 
32.3 (12.6) 
27.8 (7.4) 
28.1 (4.5) 

94.8 (8.3) 
91.2 (6.3) 
77.3 (5.8) 
84.6 (9.9) 
89.1 (5.7) 
91.8 (6.2) 
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TABLE II 

Mean (S.F_) wave IV/wave I amplitude ratios of the ABR by age, intensity level and click rate. 

Age • Intensity Rate (clicks/see) 

(dB SL) 1 2 5 10 25 50 80 

16 days 15 0.70 (0.09) 0.69 (0.05) 0.64 (0.07) 0.64 (0.08) 0.72 (0.08) 0.60 (0.09) 
40 0.56 (0.o6) 0.55 (o.os) 0.51 (0.o4) 0.52 (0.o4) 0.52 (0.03) 0.52 (0.03) 
65 0.46 (0.05) 0.43 (0.03) 0.48 (0.05) 0.50 (0.03) 0.51 (0.04) 0.39 (0.04) 

15 1.49 (0.22) 
40 1.~7 (0.35) 
65 1.15 (0.22) 

Adult 

0.64 (o.22) 
o.31 (0.04) 
o.16 (o.o3) 

1.41 (0.21) 1.55 (0.18) 1.42 (0.15) 1.40 (0.14) 1.28 (0.11) 1.19 (0.13) 
1.43 (0.35) 1.46 (0.28) 1.56 (0.34) 1.55 (0.26) 1.30 (0.26) 1.34 (0.29) 
1.02(0.16) 1.19(0.21) 1.19(0.21) 1.17 (0.21) 1.17 (0.24) 1.18 (0.15) 

greater than 1. Mean amplitude ratios for 16 day 
subjects were always less than 1, reflecting the fact 
that wave I amplitudes were typically larger than 
v~,ave IV amplitudes for these subjects. For both 
the adult and 16 day groups, amplitude ratios 
decreased or remained constant as click rate in- 
creased. This reflects the fact that increasing rate 
produced greater reductions in absolute amplitude 
for wave IV than for wave I. 

An age (2) × rate (7) × intensity (3) repeated 
measures ANOVA revealed that increasing click 
rate caused similar decreases in amplitude ratio 
among neonatal and adult subjects, ~-indicated 
by a significant main effect of rate (F  (6, 90)ffi 
8.49, P < 0.0001) combined with an age × rate 
interaction which failed to reach significance. 
However, Newman-Keuls paired comparisons 
showed that amplitude ratios decreased sign/f/. 
cantly from baseline (1/see) values only at the 
80/see rate. While there was a clear trend for 
amplitude ratios to decrease with increasing inten- 
sity level among neonatal subjects, statistical anal. 
ysis revealed no significant effect of intensity on 
amplitude ratio or interaction of intensity level 
with age or rate. As expected, amplitude ratios 
varied significantly as a function of subject age (F  
(1, 15) ffi 27,26, P < 0,0001). 

Absolute latency 
In Fig. 5, latency-intensity functions for waves 

I and IV are plotted for representative slow and 
fast click rates. Latencies always decreased or 
remained constant with increasing intensity level 
over the range of intensities we examined (15-65 
dB above threshold). As there were no statistically 

significant differences in the absolute latencies 
recorded at I, 2 and 5 clicks/see for any of the 4 
age × wave categories (Newman-Keuls paired 
comparisons, P > 0.05), latency data were pooled 
across these 3 click rates. 

Both wave I and wave IV latencies were sub- 
stantially longer in 16 day subjects than in adults. 
Neonatal wave I latencies were approximately 0.5 
msee longer than adult wave I latencies and this 
difference did not change with increasing click 
rate. Neonatal wave IV latencies were about 2.1 
msee longer than adult wave IV latencies at slow 
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Fig. 5. Mean latent/so for waves I and IV as a function of 
stimulus intensity level. Data from 16 day and adult subjects 
are plotted at representative slow and fast click rates. Slow rate 
values represent pooled data for the 1, 2 and $ click/see 

conditions. Bars indicate standard error of the mean. 
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click rates. However, the increase in wave IV 
latency associated with increasing click rate was 
much greater among neonatal subjects than adults, 
such that the difference between 16 day and adult 
wave IV latencies increased to about 2.6 msec at 
fast click rates. 

Based on the 3 intensity levels we examined 
(15-65 dB above threshold), both neonatal and 
adult wave I latency-intensity functions were 
somewhat non-linear, with a 25 dB increase in 
intensity near threshold (from 15 to 40 dB SL) 
producing larger decreases in wave I latency than 
a 25 dB increase in intensity well above threshold 
(from 40 to 65 dB SL). The slopes of wave I 
latency-intensity functions were somewhat steeper 
for neonates than for adults, indicating that simi- 
lar increases in stimulus intensity level were asso- 
ciated with 8rearer decreases in wave I latency for 
the younger subjects. Both neonatal and adult 
wave 1 latencies increased slightly when stimuli 
were presented at fast repetition rates. However, 
increasing click rate had little effect on the shape 
of wave I latency-intensity functions in either 
neonatal or adult avimals. 

Wave IV latency-mtensity functions were non- 
linear for both neonatal and adult subjects with 
the largest latency decreases associated with near- 

threshold increases in intensity (15-40 dB SL). 
While the slopes of wave IV latency-intensity 
functions appeared to be steeper among 16 day 
subjects than adults, this observation was not sup- 
ported by statistical analysis. For 16 day subjects, 
increasing intensity caused a greater red~ction in 
wave IV latencies at fast click rates than at slow 
ones. Thus, the shape of neonatal wave IV 
latency-intensity functions depended on stimulus 
repetition rate. Adult wave IV latency-intensity 
functions maintained a relatively constant shape 
as click rate was varied, indicating that increases 
in stimulus intensity caused decreases in wave IV 
latency that were independent of stimulus presen- 
tation rate. 

Normalized latency data are presented in Fig. 
6. Absolute latencies always increased with in- 
creasing click rate and all latency-rate functions 
were approximately linear. Wave I latency-rate 
functions had similar shallow slopes for neonates 
and adults and these slopes did not vary as a 
function of stimulus intensity level. Wave IV 
latency-rate functions, however, were much steeper 
in neonates than adults, in .,icating that increasing 
click rate prolonged wave IV latencies much more 
in the immature subjects. The slopes of adult wave 
IV latency-rate functions did not vary with stimu- 
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Fig. 6. Mean shifts in latency for waves ! and IV as a function of click rate. Data from 16 day and adult gerbils are plotted for 3 
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lus intensity level. In neonates, increasing crick 
rate prolonged wave IV latencies srighfly more at 
40 dB SL than at 15 or 65 dB SL. 

Separate age (2)× rate (7)× intensity (3) re- 
peated measures ANOVAs were performed on 
wave I and wave IV absolute latencies. The wave I 
analysis yielded a significant age × intensity inter- 
action ( F  (2, 24) = 5.54, P < 0.05), confirming that 
the slopes of wave I latency-intensity functions 
were steeper for the younger subjects. For wave I 
latencies, a significant main effect of rate ( F  
(6, 90)= 22.44, P < 0.001), paired with an age × 
rate interaction which failed to reach significance, 
confirmed that increasing crick rate caused a simi- 
lar increase in wave I latencies for neonates and 
adults. Neither the age × rate × intensity nor the 
rate × intensity interactions for wave I latency ap- 
proached significance. The analysis of wave IV 
latencies yielded a highly significant age × rate 
interaction ( F  (6, 90) = 94.92, P < 0.001), reflect- 
ing the fact that increasing crick rate prolonged 
wave IV latencies much more among neonates 
than adults. Because the age × rate × intensity in- 
teraction for wave IV was also significant ( F  
(12, 180)= 1.88, P < 0.05), we evaluated the rate 
× intensity interactions for each age group sep- 
arately. The rate × intensity interaction was sig- 
nificant for neonatal subjects ( F  (12, 180) -  2.60, 
P < 0.005) but not for adults. This confirmed that 
the shape of wave IV latency-intensity functions 
varied with crick rate among neonates but not 
adults, and also that the slopes of wave IV 
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latency-rate functions varied with stimulus inten- 
sity in neonatal but not adult subjects. 

Interpeak latency 
Wave I - IV interpeak latency data are pre- 

sented in Table llI. At slow crick rates, interpeak 
latencies for 16 day animals were approximately 
1.4 msec longer than those in adults. Neonatal 
interpeak latencies increased dramatically with in- 
creasing crick rate, reflecting the fact that wave IV 
latencies were prolonged much more than wave I 
latencies as rate was increased. Adult interpeak 
latencies were unaffected by changes in crick rate 
since increasing rate prolonged adult wave I and 
wave IV latencies about equally. Interpeak laten. 
cies did not appear to vary meaningfully with 
stimulus intensity level in either neonatal or adult 
subjects.  

An age (2)× rate (7)× intensity (3) repeated 
measures ANOVA was performed on interpeak 
latency data. A significant age × rate × intensity 
interaction was present ( F  (12, 180)ffi 2.41, P < 
0.01), even though we did not observe a meaning- 
ful difference in interpeak latency as a function of 
intensity level in either adult or neonatal subjects. 
Both the main effect of rate and the age × rate 
interaction were significant ( F  (6, 9 0 ) -  64.68, P 
< 0.001, and F (6, 90) ffi 46.78, P < 0.001, respec- 
tively). Follow-up analysis of the simple effects of 
rate within each age group confirmed that neonatal 
interpeak latencies increased with increasing crick 

TABLE III 

Mean (S.E.) wave 1-wave IV interpeak latencies of the ABR by age, intensity level and click rate, 

Age Intensity Rate (clicks/see) 

(de SL) 1 2 S 10 2S ' SO 80 

16 days 15 4.$0 (0.09) 4.50 (0.09) 4.54 (0.07) 4,66 (0.08) 4.78 (0.09) $.08 (0.14) 
40 4.33 (0.07) 4.40 (0.07) 4.44 (0.07) 4.48 (0.o6) 4.7s (0.o6) S.lO (0.13) 
65 4.59 (0.07) 4.63 (0.10) 4.65 (0.10) 4,59 (0.10) 4.77 (0.10) $.03 (0.14) 

15 
40 
65 

Adult 

S.lS (o.16) 
s.so (o.18) 
s.47 (o.17) 

3.03 (0.O6) 3.09 (0.05) 3.05 (0.O6) 3.09 (0.04) 3.O6 (0.05) 3.06 (0.O6) 3.13 (0.03) 
3.01 (o.os) 3.04 (o.os) 3.04 (o.os) 3.02 (o.os) 3.01 (o.os) 3.04 (0.o6) 3.04 (o.os) 
3.06 (0.04) 3.04 (0.03) 3.07 (0.04) 3.09 (0.O6) 3.09 (0.0S) 3.14 (0.0$) 3.19 (0.06) 
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rate ( F  (6, 90)= 110.58, / '  <0.001), while adult 
interpeak latencies did not. 

Discussion 

Our primary goal in this study was to examine 
age-related differences in the effects of stimulus 
repetition rate on ABR threshold, amplitude and 
latency. Thus, while we have presented additional 
results which relate to, for example, the specific 
effects of intensity on amplitude and latency, we 
will focus this discussion on the differential effects 
of stimulus repetition rate in neonatal and adult 
subjects. 

Threshold.rate effects 
In the present study, absolute thresholds for 

ABR waves I and IV in the adult gerbil and wave 
I in the 16 day gerbil were unaffected by changes 
in stimulus repetition rate between 1 and 80 
cricks/sec. Neonatal wave IV thresholds were un- 
affected by differences in crick rate for rates below 
25 clicks/sec, but increased approximately 7 
dB/decade increase in crick rate when rate ex- 
ceeded 25/sec. To the extent that gerbils are rep- 
resentative o'f other species, these findings suggest 
that relatively rapid crick rates can be used to 
estimate auditory brain-stem evoked potential 
thresholds in young subjects. 

Sininger and Don (1989) recently reported that 
ABR wave V thresholds in normal-hearing human 
adults did not vary as crick rate was increased 
from 21 to 48/sec. While they examined only a 
limited range of click rates, their data are con- 
sistent with our finding that increasing rate has no 
effect on wave IV threshold in the adult gerbil. We 
are unaware of other studies which have addressed 
the effects of stimulus repetition rate on auditory 
evoked potential thresholds in either adult or de- 
veloping subjects. Because many experimental and 
clinical procedures require estimations of threshold 
sensitivity, it would be useful to characterize 
threshold-rate functions in other species. 

Amplitude-rate effects 
We found that increasing crick rate produced 

greater reductions in ABR amplitude among 

neonates than adults for both waves I and IV. 
Furthermore, decreases in ABR amplitude due to 
increasing click rate did not vary significantly as a 
function of stimulus intensity level in either 
neonatal or adult subjects. These findings are gen- 
erally consistent with the reports of other investi- 
gators. Dey-Sigman et al. (1984) evaluated the 
effects of click rate on wave V amplitude in hu- 
"man newborns and adults. Stimuli were presented 
40, 60 or 80 dB above adult perceptual threshold 
for the click stimulus. For both the newborn and 
adult groups, wave V amplitude decreased with 
increasing rate at 60 and 80 dB HL but was 
relatively unaffected by changes in rate at 40 dB 
HL. Increasing rate produced greater decreases in 
amplitude among newborns than adults at both 
the 60 and 80 dB HL intensity levels. Lasky 
(1984b) also examined the effects of increasing 
stimulus presentation rate on ABR amplitude in 
human newborn (32, 36 or 40 weeks gestational 
age) and adult subjects, with stimuli presented 70 
dB above adroit perceptual threshold. He found 
that term newborns exhibited steeper amplitude- 
rate functions for waves I, III and V than either 
the gestationally younger newborns or the adults. 
This finding is difficult to interpret, particularly in 
light of the fact that stimuli were presented at a 
constant intensity level with respect to adult 
thresholds while absolute sensitivity in preterm 
infants may be changing with age. Shipley et al. 
(1980) evaluated ABR amplitude-rate effects in a 
small sample of developing kittens. They reported 
that amplitude-rate effects were greatest early in 
development and were more apparent for wave V 
than for earlier components of the response. Sanes 
and Constantine-Paton (1985) examined changes 
in the amplitude of auditory evoked potentials 
recorded from the eighth nerve and inferior col- 
liculus of developing mice using click stimuli pre- 
sented 20 dB above each subject's evoked poten- 
tial threshold. These investigators found that the 
amplitudes of both VIIIth nerve and IC recorded 
evoked potentials decreased as click rate increased 
and that the slopes of amplitude-rate functions 
decreased with increasing subject age. Smith and 
Kraus (1987) assessed the rate resistance of ABR 
component waves in developing and adult gerbils 
by analyzing the percent detectability of each wave 
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in response to a suprathreshold stimulus (50dB SL 
re: adult ABR threshold) as a function of click 
rate. Adult wave form amplitudes were largely 
unaffected by increasing stimulus rate, with only 
minor changes noted at the fastest rate examined 
(40/sec). However, the detectability of ABR re- 
sponses in developing subjects showed significant 
effects of increasing click rate until postnatal days 
14 and 20 for waves I and IV, respectively. ' 

In summary, data from several laboratories 
suggest that increases in stimulus repetition rate 
reduce the amplitude of brain-stem auditory 
evoked potentials to a greater degree in young 
subjects than in adults. This appears to be true 
both for wave I and later components of the ABR. 
Among newborn subjects, there may also be an 
interaction between the effects of stimulus repe- 
tition rate and stimulus intensity level on the 
amplitude of later waves. Dey-Sigman et al. (1984) 
demonstrated that the reduction of wave V ampli- 
tudes with increasing rate in human newborns was 
most severe at high stimulus intensities, a finding 
which may reflect the contribution of immature 
auditory neurons to the newborn evoked response. 
Specifically, the decreased sensitivity of immature 
neurons would result in their maximal activation 
at high stimulus intensities, where their reduced 
resistance to stimulus rate effects would become 
apparent in the overall evoked response. In the 
present study, we observed a tendency for wave 
IV amplitude-rate effects to increase with stimulus 
intensity in neonatal gerbils, but were unable to 
confirm a rate-intensity interaction by statistical 
analysis. 

Latency-rate effects 
Our data indicate that increases in click repe- 

tition rate produce similar increases in wave I 
latency for 16 day and adult subjects, but produce 
much greater increases in wave IV latency among 
neonates. These findings are consistent with those 
of Lasky (1984a), who reported that the slopes of 
wave I and wave Ill latency-rate functions were 
similar for human newborns and adults, while the 
slopes of wave V latency-rate functions were 
steeper among the newborns. Zimmerman et al. 
(1987) examined latency-rate effects in a group of 
normal newborns who were followed longitudi- 

nally from birth through 6 months of age, and in 
adults. At each age, latency'rate functions demon- 
strated increasing slopes from wave I to wave llI 
to wave V. The slopes of infant wave I latency-rate 
functions were constant as a function of subject 
age with infant and adult functions having similar 
slopes. In contrast, latency-rate functions for waves 
III and V demonstrated systematic decreases in 
slope with increasing subjec t age. Other investiga- 
tors who have studied the effects of stimulus repe- 
tition rate on wave V latei~c~f m h,~man St~ects 
have likewise found that the slopes of wa~.:e V 
latency-rate functions decrease with increasing 
subject age (Despland and Galambos 1980; Dey- 
Si~jnan et al. 1984; Lasky 1984b). 

In the present study, the effects of stimulus 
intensity level and click repetition rate were found 
to be independent for wave I and wave IV latency 
in adult subjects and wave I latency in neonatal 
subjects. Increasing click rate produced slightly 
greater increases in neonatal wave IV latency at 40 
dB SL than at 15 or 65 dB SL, suggesting a 
possible interaction between stimulus repetition 
rate and intensity level. Dey-Sigman et al. (1984) 
examined the effects of click rate on wave V 
latency-intensity functions in human newborns 
and adults. They found that newborn latency-in- 
tensity functions were rate dependent, with in- 
creasing click rate prolonging wave V latency most 
at high intensity levels, while adult latency-inten- 
sity functions did not vary as a function of click 
rate. This result reinforces their findings with re- 
spect to amplitt~de-rate effects (see above) which 
suggest that rat~: ¢i'fects in the newborn are most 
severe at high stimulus intensities. In human 
adults, both Don et al. (1977) and Oerling and 
Finitzo-Hieber (1983) have reported that increases 
in wave V latency due to increasing click rate are 
independent of stimulus intensity over a moderate 
range of intensity levels. 

Thus, there is general agreement among investi- 
gators that increasing click rate prolongs wave I 
latency similarly for newborn and adult subjects, 
while increasing rate prolongs the latency of later 
waves to a greater extent in young subjects. The 
available data further suggest that stimulus inten- 
sity level and repetition rate act independently on 
adult ABR latencies and wave I latency in new- 
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born subjects. However, the present data together 
with that of Dey-Sigman et al. (1984) suggest that, 
in young subjects, stimulus repetition rate may 
alter the latency of later waves, or more rostral 
generator sites, differenti~dly as a function of 
stimulus intensity level. Since latency-intensity 
measures are frequently employed in assessing 
auditory function, this issue warrants further in- 
vestigation. 

The authors thank Pat Brill and Steve Donaldson for 
developing the computer averaging software used in these 
experiments and Dr. Roger Ruth for technical assistance. 
Microphones were generously supplied by Knowles Electron- 
ics, Inc., Franklin Park, IL. Drs. Rich Folsom and Roger Ruth 
kindly provided comments on earlier versions of the 
manuscript. 
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