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Abstract 

The auditory P50 ERP component has previously been studied either in the repetitive click or the conditioning-testing (C-T) paradigm. 
For 20 subjects, we compared 4 repetitive click and 4 C-T protocols in a single experimental session with identical recording techniques 
and with interclick intervals comparable to the C-T intervals. In the C-T protocols, a long interval between click pairs ensured full recovery 
of P50 to the C click. The analysis of P50 topographies provided strong evidence that the same component was measured in the two 
paradigms. For both paradigms, P50 amplitude was progressively suppressed as the interclick or C-T interval decreased (P < O.OOOl), with 
parallel interval vs. P50 amplitude regression lines for the two paradigms. There was a strong trend (P = 0.08) for the repetitive click 
amplitudes to be smaller than T amplitudes for comparable repetitive click and C-T intervals. Equivalently, this strong trend suggests that 
repetitive click intervals must be longer (by about 300 ms) than the C-T interval to generate equivalent amplitude P50 responses. We 
conclude that the same component is measured in both paradigms, that P50 amplitude decreases with decreasing interstimulus intervals in 
both paradigms, and that in normals, for comparable inter-click and C-T intervals, there is greater P50 suppression in the repetitive click 
paradigm. Finally, we note that the comparison of paradigms within normals does not necessarily apply to clinical samples. 0 1997 
Elsevier Science Ireland Ltd. 
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1. Introduction 

The middle latency auditory evoked potential (MLAEP) 
contains a component with a fronto-central positive topo- 
graphic distribution that occurs approximately 50 ms after a 
click stimulus is presented (Adler et al., 1982; Freedman et 
al., 1983; Erwin and Buchwald, 1986b). This component 
and its recovery cycle are usually studied either in a repe- 
titive click paradigm (where it is designated as P1 or Pb) or 
in a conditioning-testing (C-T) paradigm (where it is desig- 
nated as P50). Throughout the remainder of this manuscript 
this component will be referred to as P50. 

Although the C-T and repetitive click paradigms have 
never been directly compared, for both paradigms P50 
amplitude is progressively suppressed as the between- 
click interval is decreased. A series of studies conducted 
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by Freedman and colleagues examined the P50 recovery 
function in the C-T protocol. In separate studies they exam- 
ined interstimulus intervals (between the C and T clicks) of 
500, 1000, and 2000 ms (Freedman et al., 1983), 75, 150, 
and 500 ms (Nagamoto et al., 1989), and 100 and 500 ms 
(Nagamoto et al., 1991). Using the C-T ratio (actually com- 
puted as T/C) as their index of recovery, they found that 
normal subjects had smallest C-T ratios at the 75 ms inter- 
click interval, with C-T ratios increasing as the interval 
between the C and T clicks increased up to 1000 ms. 
They saw little change in the C-T ratio as the C-T interval 
increased from 1000 to 2000 ms. The P50 recovery function 
in the repetitive click paradigm was first reported in the 
1960s (Davis et al., 1966; Fruhstorfer et al., 1970), but 
has been more extensively studied recently. Erwin and col- 
leagues examined interclick intervals of 100, 125, 200, 
1000, and 2000 ms (Erwin and Buchwald, 1986b). P50 
amplitude was smallest at the 100 ms interclick interval, 
and increased with increasing interclick interval. 
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Investigators have observed decreased P50 amplitude, 
suppression (i.e. increased T amplitude relative to C ampli- 
tude), or both in schizophrenia, Alzheimer’s disease, aut- 
ism, and cocaine abuse (Freedman et al., 1983; Freedman et 
al., 1987; Buchwald et al., 1989; Adler et al., 1990; Buch- 
wald et al., 1992; Fein et al., 1996), but until it is shown that 
the P50 component behaves comparably in the two para- 
digms, one cannot assume that the same P50 phenomena 
can be studied by both paradigms nor can one extrapolate 
from one paradigm to the other. In fact, some studies have 
shown that the paradigms reveal conflicting results, but 
because of differences in recording parameters (such as 
analog filtering), component measurement (whether the 
peaks were measured to baseline or preceding or subsequent 
negativity), or patient group composition, it is impossible to 
attribute these differences in P50 behavior to differences 
between the two paradigms or to these other factors. 

Both Buchwald and colleagues (Buchwald et al., 1989) 
and Green and colleagues (Green et al., 1992) found 
decreased P50 amplitude in Alzheimer’s disease using the 
repetitive click paradigm, while Fein and colleagues (Fein 
et al., 1994) observed normal P50 amplitude and suppres- 
sion in Alzheimer’s disease using the C-T paradigm. Buch- 
wald used a 10-300 Hz analog bandpass filter, Green used a 
10-3000 Hz analog bandpass, and Fein used a 10-50 Hz 
digital bandpass filter. Fein measured the P50 amplitude to 
the preceding negativity, while Buchwald measured P50 to 
baseline and Green measured it to the following negativity. 
Schizophrenics show decreased P50 suppression at C-T 
intervals greater than 100 ms (Freedman et al., 1983; Naga- 
mot0 et al., 1989; Nagamoto et al., 1991), but both normal 
(Grillon et al., 1991) and decreased (Erwin et ai., 1991) P50 
suppression in schizophrenics have been reported using the 
repetitive click protocol. Although Erwin concluded that the 
P50 recovery cycle in the repetitive click protocol is abnor- 
mal in schizophrenia, his results are not comparable to those 
of Freedman’s group. Their group (Nagamoto et al., 1989; 
Nagamoto et al., 1991) observed decreased suppression in 
schizophrenics compared to controls at C-T intervals of 500 
and 150 ms, but normal suppression at 100 and 75 ms C-T 
intervals. Erwin and colleagues (Erwin et al., 1991) 
observed normal suppression of P50 in schizophrenics at 
the 1000 or 200 ms repetitive click intervals and decreased 
suppression at a 100 ms repetitive click interval. However, 
Erwin used different bandpass filtering than Freedman’s 
group. 

Our goal was to compare the auditory P50 recovery func- 
tion in the repetitive click and C-T protocols. We compared 
4 repetitive click protocols and 4 C-T protocols in a single 
experimental session with the same subjects, using identical 
recording techniques (same body position, analog filter set- 
tings, eye-movement rejection criteria, etc.) for all proto- 
cols. The interclick intervals in the repetitive click protocols 
and the C-T intervals in the C-T protocols were comparable. 
In the C-T protocols, the interval between click pairs was 
long enough that full recovery of P50 to the C click occurred 

(Boutros et al., 1991). The C-T protocols are much longer 
than the repetitive click protocols because of this interval 
between click pairs. Previous research has shown that sleep 
affects P50 amplitude and its recovery (Erwin and Buch- 
wald, 1986a; Griffith et al., 1993; de Lugt et al., 1996), and 
there was some concern that the P50 recovery function 
might vary with subject alertness over the longer C-T 
experiments. However, we recently showed (Cardenas et 
al., 1997) that P50 recovery as indexed by the C-T ratio is 
not affected by variations in wakeful alermess, and our sub- 
jects were both monitored via video camera throughout the 
recordings and given frequent breaks to ensure that they did 
not fall asleep during testing. 

We estimated the amplitudes of P50 using a singular 
value decomposition (SVD) method. In previous work (Car- 
denas et al., 1995; Cardenas et al., 1997) we demonstrated 
for the C-T protocol that SVD P50 amplitude and C-T ratio 
estimates are unbiased and more reliable than are estimates 
derived from peak-picking of the vertex recorded response. 
In our previous work, we always applied SVD to estimate 
the C and T responses from a single C-T protocol. The 
advantages of SVD derive from its estimating the C and T 
responses simultaneously, modeling the responses as com- 
ing from the same generator, albeit with differing ampli- 
tudes. This approach helps in separating signal from 
noise. In this paper, we used SVD to estimate the P50 
response in all the repetitive click protocols simultaneously, 
and to estimate the P50 C and T responses in all the C-T 
protocols simultaneously. This approach capitalizes on the 
strengths of the SVD method and should result in improved 
separation of signal from noise and in highly stable P50 
amplitude estimates. We note that the SVD amplitudes are 
not measured in pV, because the SVD amplitudes have no 
physical meaning and simply index the relative magnitude 
of each response to other responses. Thus, the magnitudes of 
peak-picking and SVD amplitudes are not comparable, 
although C-T ratios estimated using either method should 
have similar magnitudes since the ratio measures are dimen- 
sionless. 

The SVD method also estimates the scalp topography of 
the P50 component for each subject. We compared the scalp 
topographies of the P50 components for the two paradigms 
to test the hypothesis that the components measured in the 
two paradigms are in fact the same component. 

2. Methods and materials 

2.1. Subjects 

We studied 20 subjects, 11 women and 9 men. These 
subjects had no history of drug or alcohol abuse, cardiovas- 
cular disease, diabetes, serious head injury, seizures, severe 
psychiatric disorders, or family history of neurologic disor- 
der. Subjects were between 23 and 33 years of age 
(mean f SD, 27.1 f 3.2 years), were free of medication at 
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the time of the study, gave informed consent, and were paid 
for their participation. 

2.2. Recording methods 

Subjects were relaxed, awake, and seated upright with 
eyes open in a quiet but not acoustically isolated room dur- 
ing the recording session. Recordings were made using 30 
tin EEG electrodes in an electrode cap (Electro-Cap Inter- 
national, Eaton, OH) referenced to a tin electrode clipped to 
the left earlobe. Vertical eye movements were monitored 
using cup electrodes placed above and below the right 
eye, and horizontal eye movements were monitored using 
electrodes placed at the lateral canthi. Trials were rejected if 
activity exceeded f60 pV on either eye-movement channel, 
and for each protocol, recording continued until 100 eye- 
movement artifact-free trials were collected. All impe- 
dances were below 5000 (2 and signals were amplified 
50000 times by a Grass Model 12 Neurodata Acquisition 
System with analog filters at 0.1 and 300 Hz. ERPSYSTEM 
Software (Neurobehavioral Laboratory Software, San 
Rafael, CA) was used to control stimulus presentation and 
data acquisition through an Analog Devices RTI 800-815/F 
laboratory interface card on a 60 MHz Intel Pentium-based 
personal computer. 

2.3. Auditory stimulation 

Clicks were produced by square electrical pulses of 0.05 
ms duration, which were generated by the Analog Devices 
D/A converter, then passed through a Hewlett-Packard 350- 
D Attenuator, amplified by a Pioneer SX-2300 stereo recei- 
verhmplifier, and delivered to the subject over Realistic 
NOVA '20 headphones (Tandy Corporation, Houston, 
TX). At the beginning of the recording session, the subject's 
threshold was determined using a method of limits proce- 
dure, and during the experiments the clicks were presented 
at 55 dB above subject threshold (i.e. 55 dB SL). 

2.4. Auditory middle latency response protocols 

Four repetitive click and 4 C-T protocols were used. For 
the repetitive click protocols, interstimulus intervals were 
250, 500, 1000, and 2000 ms. For the C-T protocols, the 
intervals between the C and T clicks were 260, 500, 1000, 
and 2000 ms. The interval between the T click and the 
following C click varied randomly between 7 and 8 s. A 
250 ms interval (comparable to the interval in the repetitive 
click paradigm) could not be implemented in the C-T para- 
digm due to constraints in ERPSYSTEM, so the 260 ms 
interval was used instead. The scalp potentials evoked by 
each click were collected at a 2000 Hz sampling rate. For 
the C-T protocols, data were collected for 200 ms beginning 
20 ms before each click stimulus. Data were collected for 
100 ms following the click stimulus for the 500, 1000, and 
2000 ms interstimulus intervals, but for only 90 ms follow- 

ing the stimulus for the 250 ms interval due to constraints in 
ERPSYSTEM. 

The C-T protocols lasted approximately 15 min each, 
during which our subjects were instructed to keep their 
eyes open and still. Subjects were monitored by the techni- 
cian via video camera throughout the recording session. 
They were also given a short break halfway through each 
C-T protocol. During these short breaks, subjects remained 
in the recording chamber but were allowed to stretch and 
blink their eyes. Subjects were given a longer break outside 
the chamber halfway through the testing session. 

2.5. Amplitude analysis 

We used the SVD method described by Cardenas (Carde- 
nas et al., 1995) to estimate P50 amplitudes. The SVD 
method uses multiple channels of data, multiple timepoints, 
and multiple data sets to estimate a topography and wave- 
shape common to all data sets and an amplitude estimate for 
each data set. The SVD method assumes that the data sets 
differ only in amplitude, with all other differences being due 
to noise. 

We applied the SVD method to data that were eye-move- 
ment corrected (Gasser et al., 1985), digitally filtered with a 
10-50 Hz bandpass (Jerger et al., 1992), and average refer- 
enced. The SVD was applied to data within a time window 
chosen by one of us (VC) to contain both the ascending and 
descending aspects of the P50 component. The starting 
point for the window ranged over subjects from 40 to 55 
ms, with the window width ranging between 20 and 25 ms. 
For each subject, the same window width was used for all 
data gathered under the repetitive click or C-T paradigms. 
Topographic maps were examined by one of us (VC) to 
select a montage of 6-8 electrodes surrounding the peak, 
and those electrodes were used for the SVD analysis. A 
single SVD analysis was used to estimate the amplitudes 
of all the repetitive click P50 responses (4 amplitude esti- 
mates, one estimate for each interclick interval). Another 
SVD analysis was used to estimate all C and T P50 ampli- 
tudes (8 amplitude estimates, C and T amplitudes for each 
C-T interval), with C-T ratios computed by dividing T 
amplitude by C amplitude estimates. 

We also estimated P30 amplitude, expecting P30 ampli- 
tudes to be comparable at all intervals for both the repetitive 
click and C-T paradigms as suggested by Erwin and Buch- 
wald (1986b). Examination of P30 topographic maps 
revealed that 11 out of 20 subject did not have a clear P30 
peak for one or more protocols, and SVD is unsuitable in 
these cases. Therefore, we peak-picked P30 as described by 
Woods and Clayworth (1986). The peak-picking algorithm 
of ERPSYSTEM was used to choose the peaks on the Cz- 
A1 recordings. The peaks were chosen as the most positive 
(or negative) voltage value within a specific time range after 
the stimulus. The time window for the negative peak (Na) 
preceding P30 was 10-25 ms, and the window for P30 was 
22-40 ms. The algorithm never chose a P30 that preceded 
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Na. The P30 amplitude used for analysis was the difference 
between the P30 peak and Na trough. 

2.6. Statistics 

We used a repeated measures analysis of variance 
(BMDP 5V, BMDP Statistical Software, Inc., Los Angeles, 
CA) to test for the effects of interstimulus interval and para- 
digm on the P50 and the P30 amplitudes. There were two 
within-subject factors, interval (with 4 interstimulus inter- 
vals) and method (repetitive click vs. C-T paradigm). Inter- 
stimulus interval was also treated as a covariate to yield 
estimates of the regression of interstimulus interval vs. 
amplitude for each paradigm. Effects of interstimulus inter- 
val on the C amplitudes and the C-T ratio in the C-T pro- 
tocols were examined separately. 

2.7. Topographic analysis 

If the repetitive click and C-T protocols activate the same 
neural generators, then for each subject, the P50 topo- 
graphic distribution for the two paradigms should be the 
same. To test this, we used the dissimilarity index (Lehmann 
and Skrandies, 1984) to compare topographies. The dissim- 
ilarity index between two topographies (j and k)  was com- 
puted as 

\ 0.5 

where N is the number of electrodes (in our case, 30), wij is 
the ith electrode weight for topography j ,  and wik is the ith 
electrode weight for topography k. Since only 6-8 electro- 
des were included in an SVD P50 estimate, electrodes not 
included in the estimate were given a weight of 0. 

We developed a randomization test of the hypothesis that 
the repetitive click and C-T P50 topographies within a sub- 
ject were more similar than were topographies for a single 
paradigm obtained for different subjects. There are 
20! x 20!/10! x lo! ways that the 40 topographies (20 repe- 
titive click and 20 C-T) obtained in our study can be 
assembled to make 20 pairs of topographies consisting of 
10 pairs of repetitive click and 10 pairs of C-T topographies. 
We randomly chose 10000 of these sets of 20 pairs and 
computed D j k  for each set of 20 pairs. We then compared 

the single D j k  obtained by comparing each subject’s repeti- 
tive click topography with that subject’s C-T topography to 
the distribution of the 10000 D j k .  This yields a P-value of 
the null hypothesis that the within-subject similarity of 
topography between the two paradigms is no different 
than the between-subject similarity within a paradigm. 

3. Results 

Sixteen of our 20 subjects completed all protocols suc- 
cessfully. Due to a problem producing the C-T stimuli, we 
were unable to collect data at the lo00 and 2000 ms inter- 
vals for 3 subjects and at the 2000 ms interval for one 
additional subject. When P50 is absent, the SVD amplitude 
estimate can be negative, and in these cases we set the 
amplitude estimate to zero. In the repetitive click protocols, 
this occurred for 3 subjects at the 250 ms interstimulus 
interval (subjects 2, 6, and 13), two subjects at the 500 ms 
interval (subjects 6 and 12), and two subjects for the 1000 
ms interval (subjects 6 and 18). In the C-T protocols, this 
occurred for one subject’s C click at the 260 ms interval 
(subject 6), 3 subjects’ T click at the 260 ms interval (sub- 
jects 1, 6, and 20), and two subjects’ T click at the 500 ms 
interval (subjects 5 and 12). Since the C click was absent at 
the 260 ms interval for subject 6, the C-T ratio could not be 
computed. 

Table 1 summarizes the P50 amplitude and C-T ratio 
results. For the repetitive click and T click, amplitude 
increases as interstimulus interval increases. Except at the 
500 ms interval, the T amplitude is greater than the repeti- 
tive click amplitudes. Since the C amplitudes are relatively 
constant across interstimulus interval, as expected, the C-T 
ratios also gradually increase as interstimulus interval 
increases. Fig. 1 illustrates these effects in grand averages 
of common reference Cz vs. A1 (left ear) data. Since the 
topographic analyses use different channels for different 
subjects, the only relatively straightforward way to present 
grand average data was for the common reference vertex 
data usually reported in the literature. The top plot shows 
the trace of the T response at the 4 interstimulus intervals 
(260,500,1000, and 2000 ms). Although P50 amplitude of 
the plotted common reference waveform actually goes 
down between the 260 and 500 ms C-T intervals, the ampli- 

Table 1 

P50 amplitudes and C-T ratios (mean f SD, estimated using SVD) for each interclick or C-T interval for the repetitive click and C-T paradigms 

250 or 260 ms (N) 500 ms (N) IO00 ms (N) 2000 ms (N) Statistical tests 

Repetitive click 2.26 f 2.32 (20) 4.46 f 2.43 (20) 4.56 f 3.13 (20) 7.68 f 5.80 (20) Interval P < O.OOO1 
T click 3.64 f 3.25 (20) 3.78 f 2.52 (20) 7.48 f 4.05 (17) 8.22 f 4.15 (16) Method P = 0.08 
C click 9.64 f 6.14 (20) 9.82 f 6.09 (20) 11.50 f 6.01 (17) 9.44 f 5.83 (16) Interval P = 0.27 
C-T ratio 0.39 f 0.51 (19) 0.47 f 0.48 (20) 0.70 f 0.61 (17) 0.99 f 0.76 (16) Interval P < 0.0001 

Note that the SVD amplitudes are not measured in pV, because the SVD amplitudes have no physical meaning and simply index the relative magnitude of 
each response to other responses. 
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Fig. 1. The grand average T response is shown in the top plot and the grand 
average repetitive click response is shown in the bottom plot. Electrode Cz 
versus the average reference is plotted at each of the 4 interstimulus 
intervals. 

tude of the average reference T click P50 (occurring at 
approximately 55 ms) when measured by SVD increases 
monotonically as the interstimulus interval increases. The 
bottom plot shows the repetitive click response at the 4 
interstimulus intervals (250, 500, 1000, and 2000 ms), 
where amplitude steadily increases as the interstimulus 
intervals increases. Fig. 1 also shows that the repetitive 
click amplitude tends to be smaller than the T click ampli- 
tude at comparable interstimulus intervals, and that P30 has 
nearly the same amplitude at all interstimulus intervals, as 
expected (Erwin and Buchwald, 1986b). Table 2 sum- 
marizes the P30 amplitude results. 

The repeated measures analysis of variance, where inter- 
val was analyzed as a covariate, supports these general 
observations. For P50, the interval effect was highly signif- 
icant (~'(1) = 64.17, P < 0.0001) and the main effect for 
method of stimulus presentation showed a strong trend 
(~'(1) = 3.11, P = 0.08), with the T amplitude tending to 
be greater than the repetitive click amplitude at correspond- 
ing C-T vs. interstimulus intervals. The interaction of inter- 
val x method was not significant (~'(1) = 0.08, P = 0.77), 
indicating that the interval vs. P50 amplitude regression 
lines were parallel for the two methods of stimulus presen- 
tation. The repetitive click regression line was shifted down 
by 0.78 units relative to the T click regression line, as shown 
in Fig. 2. Equivalently, the repetitive click regression line 
was shifted to the right by 293 ms. When data at the 500 ms 
interval were excluded from analysis, the interval effect was 
highly significant (~'(1) = 54.93, P < 0.0001) and the main 
effect for method of stimulus presentation was also signifi- 
cant (~'(1) = 5.91, P = 0.02). The analysis of the P50 C-T 
ratios also revealed a highly significant interval effect 
(~'(1) = 52.44, P < O.OOOl), comparable to that for the T 
click amplitude. When the P50 C amplitudes were exam- 
ined, the interval effect was not significant (~'(1) = 1.23, 
P = 0.27). For P30 repetitive click and T amplitudes, the 
interval effect was not significant (x2( 1) = 0.40, P = 0.53), 
and neither was the method effect ( ~ ' ( 1 )  = 1.27, P = 0.26). 
When the P30 C amplitudes were examined, the interval 
effect was not significant (~'(1) = 0.02, P = 0.89). 

When the P50 repetitive click and T data were analyzed 
with interval included only as a 4 level factor, the results 
were slightly different. In this case, there was a significant 
interaction of interval x method (~'(3) = 7.93, P = 0.05). 
This significant interaction was entirely due to the data at 
the 500 ms interval. When the data were reanalyzed with the 
500 ms interval deleted (with interval as a 3 level factor), the 
interval x method interaction was once again non-signifi- 
cant (~'(2) = 3.25, P = 0.20). Prior to the experiment 
described in this paper, we collected pilot data in other 
subjects in both the repetitive click and C-T paradigms 
using the 500 ms C-T and interclick interval. We went 
back to this pilot data (gathered from 14 normal subjects, 
6 men, 8 women; mean age f SD 26.6 f 1.7 years) to deter- 
mine whether the greater repetitive click vs. T click ampli- 
tudes at the 500 ms interval were present in that data set 
also. In the earlier data we observed smaller repetitive click 
amplitudes, 3.64 f 3.09 (mean f SD), compared to T click 

Table 2 

Peak-to-peak P30 amplitudes (mean f SD in pV, estimated using peak-picking at Cz versus left earlobe) for each interclick or C-T interval for the repetitive 
click and C-T paradigms 

250 or 260 ms (N) 500 ms (N) 1000 ms (N) 2000 ms (N) Statistical tests 

Repetitive click 1.13 f 0.68 (18) 1.14 f0.85 (16) 0.88 f 0.58 (16) 1.47 f 1.50 (17) Interval P = 0.53 
T click 1.59 f 1.74 (15) 1.36 f 0.86 (13) 1.19 f 0.79 (13) 1.64 f 1.61 (11) Method P = 0.26 
C click 1.71 f 2.00 (17) 1.51 f 1.04 (18) 1.57 f 1.14 (12) 1.98 f 1.44 (11) Interval P = 0.89 
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P50 Amplitude and Suppression 
Effect of Stimulus Interval in the 

Repetitive Click and Paired Click Protocols 
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Fig. 2. The amplitude means and standard errors are plotted for the repe- 
titive clicks and T clicks at the 4 interstimulus intervals. Data points at the 
500 ms interval are shifted slightly along the x-axis to aid viewing. Also 
plotted are the models from the repeated measures analysis of variance, 
showing that both methods increase amplitude with increasing interval, but 
that the repetitive click amplitude is 0.78 units smaller, corresponding to a 
293 ms ‘shift’ in the regression lines. Data at the 500 ms interval are also 
presented for 14 subjects studied in an earlier pilot study. That data shows 
a lower repetitive click than testing click P50 response, consistent with the 
data at the other intervals in the current study and suggesting that the 
difference in results at the 500 ms interval in the current study reflects 
noise. Note that the SVD amplitudes are not measured in pV, because the 
SVD amplitudes have no physical meaning and simply index the relative 
magnitude of each response to other responses. 

amplitudes, 5.18 rt 4.55, at the 500 ms interval, consistent 
with what we observed at the 250, 1000, and 2000 ms inter- 
vals in the study presented here. Those data are presented in 
Fig. 2 to illustrate their agreement with the data from the 
current study at the other intervals. 

The randomization test of topographies yielded a prob- 
ability of P = 0.0023, indicating that the within-subject 
topographies across paradigms were significantly more 
similar than were the between-subject topographies within 
a paradigm. 

4. Discussion 

We found that P50 amplitudes increased with increasing 
interstimulus interval in both the repetitive click and C-T 
paradigms. The slope of this increase was the same for the 
two paradigms, although the regression line was shifted 

down by 0.78 units (or equivalently, shifted right by 293 
ms) between paradigms. Thus, the P50 amplitude for the 
repetitive click paradigm was equal to that which would 
be obtained for the T click in a C-T paradigm with a C-T 
interval 293 ms shorter than the repetitive click interval. We 
also observed no effect of interval or method on P30 ampli- 
tudes. Finally, the within-subject P50 topographies for the 
two paradigms were highly similar, providing additional 
evidence that the components recorded in the two para- 
digms were in fact the same. 

The repetitive click P50 results replicate those of Erwin 
and colleagues (Erwin and Buchwald, 1986b), and the P50 
C-T results are very similar to the results of Freedman’s 
group (Freedman et al., 1983; Nagamoto et al., 1989; Naga- 
mot0 et al., 1991). Nagamoto and colleagues reported 
increasing C-T ratio in normals (which reflects increasing 
T amplitude) as the intraclick interval was increased from 
75 ms to 500 ms. For normals, Freedman and colleagues 
reported an increase in the C-T ratio as the intraclick inter- 
val increased from 500 to 1000 ms. However, they saw 
practically no change in the C-T ratio between the 1000 
and 2000 ms interval, while we observed significantly 
increased C-T ratio over the same interval (matched 
tls = 3.24, P = 0.005). It may not be fair to compare their 
results to ours, because of the differences in methods for 
recording and measuring P50. The Freedman paper 
describes one of the first P50 studies by their group, and 
in general they only averaged the T response, using the 
amplitude of P50 in response to repetitive clicks presented 
at a 10 s interstimulus interval as the C amplitude. In addi- 
tion, they did not perform any digital filtering of the aver- 
age, and they measured P50 amplitudes to baseline, whereas 
in subsequent studies they measured P50 to the preceding 
negative trough. 

In our statistical analyses, we did not obtain any signifi- 
cant interval x method interaction effects, which means that 
the slope of the recovery function is the same for the repe- 
titive click and the C-T protocols for normal subjects. We 
observed a strong trend for the repetitive click amplitude to 
be smaller than the T amplitude at the same interstimulus 
interval. We hypothesize that when the interstimulus in- 
terval in the repetitive click paradigm is shorter than the 
7-8 s necessary for full amplitude recovery (Davis et al., 
1966; Fruhstorfer et al., 1970; Boutros et al., 1991), the 
responses to the second and following clicks are incremen- 
tally diminished relative to the initial click, until a steady- 
state is reached. In other words, if yi is the response 
to the ith click, then y1 > y2 > y 3  > ... > yn = yn 
+ 1 = yn+ 2 = .. . = YN, where n indexes the click where 

the steady-state response is reached and N is the number 
of clicks presented. The repetitive click average is then 

1 N  - C Y i  Ni=1  

For the C-T protocol, the C response would be y1 and the T 
response would be y2. If such a decrementing process is 
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occurring, for the N usually used in the repetitive click 
protocol (usually 100-500), it is reasonable to assume that 

1 N  
y* ’ Ni= ,  Yi 

In this study, the statistical analyses suggest that the recov- 
ery function of the repetitive click protocol is shifted by 
293 ms as compared to the C-T protocol. In other words, if 
the C-T protocol with a C-T interval of x ms results in a 
P50 with amplitude A, then the repetitive click protocol 
with interstimulus interval of x + 293 ms would result in 
a P50 of amplitude A. 

At the 500 ms interval, the repetitive click amplitude was 
greater than the T click amplitude. We believe this most 
likely represents noise in the data, although a study exam- 
ining repetitive click and C-T intervals less than 500 ms 
would be necessary to rule out alternative hypotheses. Love- 
less and colleagues (Loveless et al., 1989) showed that the 
amplitude of the magnetically recorded Nl00 (N100m) to 
the second of a pair of clicks was augmented when the 
interval between clicks in a pair was less than about 300- 
500 ms. If P50 were ‘riding’ on the N100, it is possible that 
our P50 T responses would show some effect of NlOO facil- 
itation, leading to larger P50 T amplitudes at the 260 ms 
interval. Although this interpretation would explain the rela- 
tively small increase in P50 T amplitudes between the 260 
and 500 ms intervals, it cannot explain why the repetitive 
click amplitude at the 500 ms interval was greater than the T 
amplitude. For several reasons, we do not believe that the 
phenomenon that results in facilitation of magnetic NlOO is 
contaminating our electrical P50 T measurements. Loveless 
and colleagues observed facilitation of NlOO on magnetic 
recordings made over the right hemisphere. Many neural 
components contribute to NlOO (Naatanen and Picton, 
1987), and it is possible that the facilitation observed by 
Loveless and colleagues is due to only one of them. Our 
electrical recordings at the vertex show no evidence of NlOO 
facilitation, leading us to suspect that the phenomenon of 
NlOO facilitation may not be detectable on electrical record- 
ings at the electrodes where P50 is best observed, and would 
thus be unlikely to contaminate P50 amplitude measure- 
ments. In addition, our digital 10-50 Hz bandpass filter 
removes most of the contribution of NlOO (Jerger et al., 
1992), reducing the effect of NlOO contamination on P50 
amplitude. Furthermore, when we looked at 14 subjects 
previously studied at the 500 ms interval, the repetitive 
click amplitude was less than the T click amplitude, as 
shown in Fig. 2. For these reasons, we believe that NlOO 
facilitation is an unreasonable explanation of our current 
data at the 500 ms interval, and believe that this most likely 
represents noise in the data. 

We have shown that the repetitive click and C-T para- 
digms have parallel recovery functions in normals. Our find- 
ings also suggest that the recovery function for the repetitive 
click paradigm is ‘shifted’ relative to the recovery function 
for the C-T paradigm. We propose a model wherein P50 

amplitude from the two paradigms reflect somewhat differ- 
ent (although highly related in normals) aspects of the P50 
recovery function. P50 from the C-T protocol reflects the 
decrement of y2 compared to y l .  P50 from the repetitive 
click protocol reflects the rate at which the response reaches 
y,, and the value of y,,. Just because the recovery functions 
are parallel in normals does not mean that the two processes 
outlined above are affected comparably by disease or drugs. 
If these processes are differentially affected, the recovery 
functions for the two paradigms would either no longer be 
parallel or would be shifted by a different amount in one 
group compared to the other. Investigations using both para- 
digms to study P50 suppression effects would be needed to 
address these issues. Only such studies could help determine 
whether differences in results reported using the two para- 
digms are true phenomena. 
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