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Two-Component Hearing Sensations Produced by Two- 
Electrode Stimulation in the Cochlea of a Deaf Patient 

Abstract. Dissimilarities in perception elicited by stimulation with two electrodes 
were estimated. A two-dimensional spatial conjiguration was found to be suitable to 
represent the dissimilarity data, and the two dimensions could be interpreted as 
corresponding to the position of the apical and basal electrode of the two-electrode 
combination. A speech-processing strategy that converts acoustic, jirst and second 
formants to two-electrode stimulation is proposed. 

Previous speech studies in a number of 
research centers have shown that useful 
speech information could be presented 
to deaf patients by electrical stimulation 
of the residual auditory nerve fibers with 
the use of single- or multiple-electrode 
prostheses implanted in the cochlea (1- 
4). In our laboratory, electrical stimula- 
tion was produced by electrodes im- 
planted in the scala tympani of the hu- 
man cochlea, and a speech-processing 
strategy was formulated on the basis of 
psychophysical information obtained 
from our patients (5, 6). In the speech- 
processing strategy currently used by 
our patients with multiple-electrode 
cochlear implants, fundamental frequen- 
cy of voicing is converted to the repeti- 
tion rate of electric pulses delivered to 
the electrodes, and the second formant 
frequency of speech is converted to elec- 
trode position. Only one electrode is 
activated during a stimulus period (in- 
verse of repetition rate). 

There are four major psychophysical 
observations (5, 6) that support this 
speech-processing strategy: (i) individual 
electrodes produced pitch sensations in 
accordance with the tonotopic organiza- 
tion of the cochlea, (ii) pitch increased 
with repetition rate, (iii) the pitch sensa- 
tions produced by repetition rate and the 
electrode position are perceived sepa- 
rately in the same way as  Plomp (7) 
described for acoustic fundamental rate 
and single formant frequency, and (iv) 
the auditory system was able to discrimi- 
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nate short duration electrode transitions 
but not short transitions of electric repe- 
tition rate. Electrode transitions are 
therefore suitable for encoding the rapid- 
ly changing segmental speech informa- 
tion contained in the second formant 
frequency, and transitions of electric 
repetition rate are more suitable for en- 
coding the slowly time-varying supraseg- 
mental information contained in the fun- 
damental frequency. 

We investigated the possibility that, in 
addition to the fundamental and second 
formant frequencies, activation of an ad- 
ditional electrode during a stimulus peri- 
od would present further speech infor- 
mation such as the first formant frequen- 
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Fig. 1. Two-dimensional configuration repre- 
senting the dissimilarities among the ten two- 
electrode stimuli: spatial configuration ob- 
tained by multidimensional scaling on the left 
half. and the stimulus matrix showing corre- 
spondence between the alphabetical symbols 
and the electrode pairs on the right. 

cy (8, 9). The subject (MCI), a SO-year- 
old male who suffered from total hearing 
loss after a car accident, was our first 
cochlear implant patient. Pure-tone and 
speech audiometry, both under head- 
phones and in a monitored sound field, 
had elicited no hearing responses in ei- 
ther of his ears for acoustic stimuli a t  the 
maximum output levels of the audiome- 
ters, and evaluation showed that this 
patient received no benefit from a con- 
ventional hearing aid (4). 

In the implant operation (4) ,  an array 
of ten electrodes was inserted through an 
opening in the round window membrane 
for a distance of 15 mm around the scala 
tympani. The electrodes were numbered 
from 0 to 9 in the apical to basal direc- 
tion. These electrodes, spaced 1.5 mm 
apart, were driven by an implanted re- 
ceiver stimulator. Residual auditory 
nerve fibers were activated by biphasic 
current pulses with each phase fixed at  
180 ksec. 

For this study, pulse trains 300 msec in 
duration with 50 msec rise-decay times 
were used. The current levels for a two- 
electrode stimulus were chosen so that 
the loudness prqduced by each electrode 
in isolation was approximately the same. 
The pulse trains delivered to the elec- 
trode pair were at the same repetition 
rate, with the pulses on the more apical 
electrode leading by 0.5 msec. There 
was, therefore, no temporal overlap be- 
tween pulses on the two electrodes. This 
is necessary because it is difficult to  
balance the loudness contributions of 
the two electrodes from overlapping 
pulses due to current summation in the 
cochlea. 

The perceptual dissimilarities among 
ten two-electrode stimuli were estimated 
by triadic comparisons (7). The ten elec- 
trode pairs were: 1-2, 1-4, 1-6, 1-8, 2-4,2- 
6, 2-8, 4-6, 4-8, and 6-8. The repetition 
rate was 166 repetitions per second, and 
loudness was balanced across the ten 
stimuli. Three stimuli chosen in random 
order were presented to the patient, and 
he was asked to judge which two stimuli 
from the triad were the most similar and 
which two were the least similar. A 
dissimilarity value of 2 was assigned to 
the least similar, 0 to the most similar, 
and 1 to the remaining combination of 
two stimuli. A matrix of dissimilarity 
values was constructed for the ten stimu- 
li after the presentation of all possible 
triads. Three matrices obtained in sepa- 
rate sessions were combined, and the 
resulting matrix was analyzed by a non- 
metric multidimensional scaling (MDS) 
procedure (10) for distance functions 
specified by Minkowski coefficients 
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ranging from 0.3 to 2. In the analysis 
dissimilarity values in the matrix are 
transformed to distances between stirnull 
in a spatial configuration because the 
relationship between dissimilarity and 
distance is assumed to be monotonlc- 
that is, similar stimuli are close together 
and very different ones are far apart. 
MDS searches for the spatial configura- 
tion and the monotonic relationship that 
minimize a criterion funct~on known as 
"stress." 

The two-dimensional configuration for 
the ten stimuli with Mlnkowskl coeffi- 
cient 0.5 and the correspondence be- 
tween the alphabet~cal symbols and the 
electrode pairs are shown in Fig. 1. The 
Minkowski coefficient 0.5 In the range 
0.3 to 2 corresponds to  minimum stress 
among the two-dimens~onal configura- 
tions. A two-dimensional configuration 
was considered suitable because the 
stress (8.4 percent) was much smaller 
than that for one dimension (27 percent). 
The two-dimensional configurations with 
other Minkowski coefficients followed 
closely the configuration as  depicted in 
Fig. 1 ,  and the difference in stress values 
between one and two dimens~ons was 
also similar. 

The close resemblance between the 
two configurations of the alphabets in 
the left and right panels in Fig. 1 indi- 
cates that the axes of the two-dimension- 
al configuration can be interpreted as 
corresponding to the position of the 
more a p ~ c a l  electrode and the more basal 
electrode of the two-electrode combina- 
tion. A Minkowski coefficient of 0.5 im- 
plies that the dissimilarities between two 
electrode pairs differing in both apical 
and basal electrodes is even greater than 
the sum of the two component dissimi- 
larities. These results suggest that two- 
electrode stimulation was perceived as a 
sensation with two components and may 
therefore be used to present speech in- 
formation with two components, such as 
the first and second formants. The two 
axes for electrical stimulation in Fig. 1 
parallel those corresponding to the first 
and second formant frequencies in the 
analysis of acoustic vowel confusion by 
MDS (11). If a one-dimensional config- 
uration had been acceptable, this would 
have indicated that the sensation pro- 
duced by two-electrode stimulation 
would not be able to convey information 
with two components. 

The results indicate that, in addition to 
the presentation of the second formant 
by activation of only one electrode dur- 
ing a stimulus period in a speech proces- 
sor, as descr~bed by Tong et al. (5), 
speech information such as the first for- 
mant may be presented to implant pa- 
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s ~ e e c h  information related to the funda- I. For summary of results from various centers see 

mental frequency of speech, on the other 
hand, can be encoded in electric repeti- 
tion rate as  In the speech processor. This 
was shown to be feasible (9) because the 
discriminability of repetit~on rate for 
two-electrode stimulation was as  good as 
or better than that for single-electrode 
stimulation. Finally, we should note that 
the e lec t r~c  pulse trains used in this 
study, although adequate In generating 
two-component sensations, may not be 
the optimal stimulus configuration for 
use in a speech processor with two-elec- 
trode stimulation. Differences in the per- 
ceptual characteristics produced by elec- 

the abstracts and papers In Proceedings of the 
Internntional Cochlear Implant Conference, 
(New York Academy of Sciences, New York, 
April 1982). 

2. F. B. Simmons, J .  M. Epley, R. C.  Lummis, N. 
Guttman, L .  S. Frishkopf, L .  D. Harmon, E .  
Zwicker, Science 148, 104 (1965). 

3. Y. C.  Tong. G .  M. Clark, R. C. Dowell, L. F. A. 
Martin, P. M. Seligman, J. F .  Patrick, Acta Oro- 
Lcoyngol. 92, 193 (1981). 

4. G .  M. Clark. Y. C.  Tone. L .  F.  A. Martin. 
Laryngoscope 91, 628 (1983). 

5. Y. C. Tong, G .  M. Clark, P. J. Blamey, P. A. 
Busby, R. C.  Dowell, J .  A c o u ~ t .  Soc. Am. 71, 
152 (i982). 

6. Y. C.  Tong, P. J .  Blamey, R. C. Dowell, G .  M. 
Clark, paper presented at the lO2nd meeting of 
the Acoustical Society of America, December 
10Q1 .,-,. 

7. R .  Plomp, Aspects of Tone Sensation (Academ- 
ic Press, London, 1976), p. 109. 

8.  R .  C.  Dowell, Y. C. Tong, P. J .  Blamey, G .  M.  
Clark, paper presented at the 102nd meeting of 
the Acoustical Society of America, December 

tric stimulus configurations that differ 1981 
9 Y C Tong and G M Clark, in Proceedings of both In the order of occurrence and the the International Cochlear I m ~ l a n t  Conference 

amount of delay between the two apical (New York Academy of Sciences, New York, 
April 1982) 

and basal electrodes are not Yet known. lo J B Kruskal, P s ~ c l ~ o m e f r i k a  29, I (1964) 
y .  C, T~~~ I 1  R N Shepherd, in Human Commun~cut~on A 

Unfied V ~ e x ,  E E Davld and P B Denes, 
R. C .  DOWELL Ed5 (McGraw-Hill, New York, 1972) 

P, J.  BLAMEY 
12 Supported by the National Health and Medical 

Research Councll of Australia, the Department 
G M ,  CLARK of Science and Technology of Australia, the 

Channel 10 Deafness Appeal, the Deafness 
Department of Otolaryngology, Foundation of Victoria, and the Llons Interna- 
University of Melbourne, Parkville, tional. 

Victoria 3052, Australia 13 May 1982; revised 9 August 1982 

Virus Infection of Culturable Chlorella-Like Algae and 
Development of a Plaque Assay 

Abstract. Four distinct viruses with double-stranded D N A  are known to replicate 
in Chlorella-like algae symbiotic wlth hydras and paramecia. An attempt was made 
to infect a number of cultured Chlorella strains derived from invertebrate hosts with 
these viruses. One of the viruses, PBCV-1, replicated in two of the algal strains. 
Restriction endonuclease analysis of the viral D N A  showed that the infectious 
progeny virus was identical to the input virus; thus, Koch's postulates were fuljilled. 
Viral infection of the two Chlorella strains has allowed the large-scale production of 
a eukaryotic algal virus and the development of a plaque assay for the virus. 

Although viruses that infect cyanobac- 
teria (blue-green algae) have been stud- 
ied extensively (I) ,  little is known about 
viruses of eukaryotic algae (1, 2). Most 
viruses or virus-like particles in eukary- 
otic algae have been detected by ultra- 
structural studies, and only a few at- 
tempts (3) have been made to character- 
ize these particles because the viruses 
are difficult to obtain in sufficient quanti- 
ty. Several factors contribute to this lack 
of material: (i) usually only a few algal 
cells contain particles, ( i ~ )  usually the 
cells contain particles in only one stage 
of the life cycle, (iii) the cells that have 
particles may not lyse, and (iv) the partl- 
cles may not be infectious. Consequent- 
ly, finding a culturable eukaryotic alga 
that can be synchronously and efficiently 
infected with a virus would provide an 
opportunity to study a new type of virus- 
host relationship. 

We recently identified and partially 
characterized four distinct viruses w ~ t h  
double-stranded DNA that replicate in 
Chlorella-like green algae symbiotic with 
hydras o r  paramecia (4, 5). These virus- 
es, designated HVCV-I, HVCV-2, 
HVCV-3 (from Hydra viridis Chlorella), 
and PBCV-I (from Paramecium bursaria 
Chlorella), first appear in the algae a few 
hours after the algae are isolated from 
their hosts. Within 24 hours most of the 
algae are lysed. The source of the viruses 
is unknown, but we have found them in 
all symbiot~c algae from hydras and para- 
mecia that we have examined. The virus- 
es  may be latent in some or all of the 
algae as long as the latter remain in a 
symbiotic relationship with their host (4, 
5). Removing the algae from their host 
may induce the viruses to enter a lytic 
phase. Regardless of the source of the 
viruses, their appearance usually pre- 
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