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Abstract 
Results for forward masking and numerical estimation of 
pitch were compared in a group of 6 adult subjects implanted 
with cochlear prostheses manufactured by Cochlear Limited. 
Data were collected for bipolar + I stimulation in all subjects, 
and for stimulation in one other mode, either common ground 
or monopolar, for all subjects but one. The pitch data show 
various irregularities and in each case can be seen to be broad
ly consistent with the corresponding forward masking data. It 
is shown that a 'centre of gravity' of the forward masking dis
tribution varies with masker electrode in a manner that is 
qualitatively very similar to the variation of pitch estimate. It 
is suggested that, while pitch estimation results are consistent 
with those from forward masking, the latter contain more 
detailed information that may be useful in understanding 
intersubject variations in speech comprehension. 

Multiple-channel speech-processing strate
gies for cochlear implants [1-6] make usc of 
the variation of pitch percept with place of 

Port ions uf this \\ ork were presenled at the t ~5l h Conli:r
,'nce of the .·\eoustieal Soeidy of America, Ollawa, May 1993, 
and at the Inlernational Coehkar Implant. Speech and IIear
lllg Symposium. \1elbourne. t 9<)4. 

electrical stimulation within the cochlea [5,7
13]. Place pitch representation may be stud
ied psychophysically by obtaining subjective 
pitch estimates and by forward masking mea
surements, which may be indicative of the 
distribution of neural excitation, This study 
considers forward masking and numerical es
timation of pitch, and the relationship be
tween the data produced by these techniques, 
A companion paper [14] considers numerical 
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estimation of pitch in subjects with deeply 
inserted electrode arrays. 

Pitch estimation has been used recently by 
Busby et ai. [7] to assess quantitatively the 
pitch percepts obtained by cochlear implant 
patients. Their data for 9 subjects using bipo
lar stimulation demonstrated that for most 
subjects there was a fairly regular reduction of 
pitch with insertion distance of the stimulated 
electrode. In the companion paper to the 
pres('nt study [14], where th(' subjects had 
morc ckeply insertL'd electrode arrays, pitch 
again varied fairly regulary for most subjects. 
How('ver. we drew attention to a small num
ber of cases where. after decreasing regularly 
for the more basal electrodes. pitch estimates 
showed an abrupt decrease, followed by a 
region oflow pitch. We also observed substan
tial difkrences bctwe('n pitch functions for 
bipolar and monopolar stimulation. When 
common ground stimulation was used. Busby 
ct al. [7] had observed striking examples of 
non-monotonic variation of pitch estimate 
with insertion distance. These examples of 
anomalous pitch functions and the differ
ences between pitch estimates for different 
modes of stimulation require further study. 

Forward masking [15-17] may give an in
dication of the distribution of electrically 
e\oked neural excitation in the cochlea. The 
amount of forward masking of a probe elec
trode by a masker clectrode has been taken as 
an indicator of th(' extent to which the neural 
excitatil)J1 produced by the masker overlaps 
the region of neural excitation produced by 
the probe. Shannon [18] has shown that the 
adaptation occurring in forward masking of 
cochlear implant patients is equivalent to that 
l1bserved in forward masking of normal-hear
ing subjects. Howewr. as Jave] [19] has also 
demonstrated that little or no adaptation is 
present for electrical stimulation of primary 
afferent auditory nerve fibres. it appears that 
most of the forward masking occurs more een

trally than the 8th nerve, both in normal hear
ing and during electrical stimulation. There
fore, a forward masking pattern may result 
from both spread of peripheral neural excita
tion and central interaction between masker 
and probe. It would be difficult to separate 
these effects, but in the case of electrical stim
ulation with presently available prostheses, 
the periphcral spread would be quite broad 
and can be expected to be the dominant fac
tor, except perhaps in prelinguistically dea
fened subjects. As the neural region excited by 
a stimulus may be reflected also in the pitch 
percept produced, forward masking and pitch 
estimation measurements may be related, and 
should together provide a clearer understand
ing of the variations that occur with changing 
place of stimulation. 

Five of the subjects in this study had the 
standard Cochlear Limited implant [20, 21], 
which allows bipolar or common ground stim
ulation. One subject had a variant of that 
device known as the '20 + 2', which also 
enables monopolar stim ulation, using a 
choice of two remote ground electrodes, 'batr 
and 'plate' [14, 22]. In the present study, we 
collected a substantial body of forward mask
ing data from implant subjects, using differ
ent modes of stimulation. This would provide 
information on the neural excitation patterns 
produced by different modes of stimulation. 
A principal aim was to compare forward 
masking and pitch estimation data for the 
same subjects. in order to determine whether 
there was a relationship between the two. Fur
ther, it was thought that forward masking data 
might help to explain anomalous pitch esti
mation results. 
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Table 1. Summary of subject histories and electrode array insertions 

Sub- Age Age at confirmation Cause of deafness Agc at Estimatcd array Estimatcd array 
jeet years of profound-total implantation insertion distance insertion angle 

hearing loss, years years mm at c1"2 degrees at el n 

SI 18 16 congenital. progressive 17 23.6 518 

S5 68 62 Meniere's disease') 66 22.1 511 

S7 66 26 unknown progressive 65 21.2 426 

S9 48 41 unknown progressive 42 18.5 374 
and acoustic trauma 

510 57 35 otosclerosis 51 19.7 356 

Sil 73 38 otoselemsis 66 13.3 270 

Insertion distance was taken from the round window and insertion angle from appm\imately the basal end 01' 
the organ ofCorti, bnth to the mnst apical electrode band (el 22). 5 I and S I0 were male, while S5. 57. SlJ and S II 
were female. 

Materials and Methods 

Subj('cts 
Six adult subjects from the University or Mel

bnurne Cochlear Implant Clinic, at the l{nyal Victo
rian Eye and Ear Hospital, participated in the study. 
Information about the subjects is summarised in ta
ble I. In each subject, the electrode array was inserted 
into the seala tympani through a eoehlenstomy. The 
subjeet numbering is ennsistent with that used in the 
com pan inn paper [14]. SI, 55 and S7 were common tn 
the two studies. The subjects were implanted with ei
ther the standard Cnehlear Limited 22-channel device 
(SI, S7-S11)or the 20 + 2 (S5). SI1 was ablc to partici
pate for only about half the time necessary to collect a 
full sct of data. SlJ, S I0 and S 11 were subjects I'or the 
pitch study of Busby et al. [7], being their 1'5, PI and 
1'2, respectively, Pitch estimates were repeated for SlJ 
and S 10 but were taken from the data of Busby et al. 
for S11. 

,1pparatus 
The electrode array of the standard Cochlear Lim

ited (Nucleus) implant [20, 21] has 22 CDndueting plat
inum electrode bands and 10 stil'fening bands. The 
bands arc numbered here in a basal to apical direetinn, 
1-22 for the conducting bands. All bands on the array 
are placed at intervals nfO.75 mm. In bipolar stimula
tinn (BP + m), current !lows between the nominal band 

(electrode n, say) and eleetmde n + m + I. In cnml11nn 
ground (CG) stimulatinn, currcnt passes between the 
nnl11inal electrode band (electrode n) and all nthercnn
ducting bands shnrted together. The 20 + 2 [221 ditTer, 
from the standard electrode array in that the 2 most 
basal conducting bands arc disennneeted. and 2 e.\tra
cochlear eleetrodes (ball and plate) arc pn1\ ided in
stead. The provision of these electmdes makes possible 
mnt1l1polar (MOllO) stil11ulatil)ll. in \vhidl l'UITCnt 
passes between a nnl11inal intracnchlear electrude 
(electrode n) alld an C\tracochkar electrode. Hlpha,ie 
current pulses were uscd I'or all stimuli. the twn phase, 
having equal duratinn ,1Ild current. 

C-/"('I'('{ illld T-/"('I'('{ CIII"I"Clltl/(,illlll'i'lIl('il! \ 

We define the C-Ievel as the Inudest l'ol11fnrtahle 
stimulus level and the T-Ievel as the softest ddinitclv 
audible stil11ulus level. In the l11easureml'nt of C-k\el 
and T-level currents, the pulse rate was 250 pulses;, 
and the stimulus duration was ()OO ms. ThL' pulse dura
tion was 200 ps/phase for all subjects l'\l'ept S I 
(jOO ps/phase) and 55 150 ps/phase), Thrl'l' stullullh 
modes were used: BP + I, CG and Muno, C-kvels and 
T-Ievels were obtained as described in thl' l'ompanil)]] 
paper [14]. 

Pilch h'"lilllatio/i 
The stimulus parameters of pulse repetition rate. 

pulse duratiun and stimulus duratiul1 \vl're ~lS de-

Audiul Ncuroolnl JtJY6: 1:278-~l)2 C"hen/Rushy/Clar, 280 
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scribed aboH'. The current kvels were equal to the C
kvL'is measured ahove and WL'fe loudness balanced at a 
c(lml'ortabk kvel. Bipolar stimuli were used for all 
subjects. CG 1'01' all but S 1 and S5, and Mono only for 
S5. The bipolar stimuli welT IW + I for all except 59 
(BP + ~). Pitch was measured using a singk-interval 
numL'l'ical estimation procedure, identical to that used 
and described in the companion paper [14]. Thc stimu
li vverc presented in randolllised blocks containing 5 
presentations of each stimulus for all subjects except 
SS (4 presentations). Two blllL'ks Wl're presented to 
each subject. For each subject, a hlud: l'ontained st im
uli for the ~ Illudl's to be tested, except for 51 (unly BP 
+ I) and SS (HI' + 1 and ~ Illunopolar modes), 

!'orllurd ,)Il/sUng 
The tC)J'\vard masking techni"ues used were similar 

to tl1l1se deslTibed by Lim et al. [17J. i\ masking burst 
(11' biphasic current pulses was followed rapidly by a 
bricl' probe burst of hiphasic pulses. The masker had a 
pulse rate 01' ~SO pulses/s and a hurst duration or 
3UU ms. The masker pulse duration was .200 IJs/phase 
Iclr all subJects except 5 I ~lJld SS (50 IJs/phase) and S9 
UOO ps/phase). The probe eunsisted or 6 biphasic 
pulses at ~SO pulses/s and was, therclcJre, of .20 ms 
duration. The separat ion hetween the last masker pulse 
and the first probe pulse was 4 ms. Three maskL'f 
modes vvelT used. BP + I. CG and Mono, whik the 
probe nwde was BP + I ItJr all subjeets except S9 (B? + 
~), Once the unmasked threshold current had heen 
cstahlisl1l'd 1'01' a probe. the prohe pulse duration was 
varied to determine the threshold in the presence of a 
maskel·. 

\Lisker L'ieetrodL's \\CI'e used at various positions, 
sp~l1lning the ekctrode array. For 5 I and SS. 3 masker 
positions vvere USL'l!. electrode 11\ (apical). I ~ (middlcl 
and 6 (basal). 11'057, S9 and 5l(). 4 masker positions 
vvere used. ekctrodes S, 13, 17 ~lIld 19, L'ieetrodes 3, 9. 
13 and 19. and ekctrodes S. II. 15 and 19, respee
li\'elv. For 5 II. time alh1\ved the usc of only .2 masker 
positions (electrodes II ~lI1d IS). For S5. the numinal 
ekctrodl's for the HI' + I and Mono maskers were the 
same. Hovvever. 1'01' S7, S9, 510 and SIL the CG 
masker eketJ'(ldcs were olTset from the BP + I masker 
electrodes by I electmde, corresponding to positions 
midvv:1v' bct\\Ten the bipolar eketrode pairs. The 
maskers vVL'l'e loudness balanced to each othL'f ,II a 
collllclrtabk kvcl. C()Jl1ltlrt~lbk kvel was established 
ItJr an ekctmde ncar the middle of the array, with 
bipolar stimulation. This was the rellTCI1el' stimulus 
as the subject used a 'mouse' to adjust the current kv
cl Lll' each olher Jll~lskcr ItJr equal loudness, in a con
tinually alternating presentation. The subject bal

anced the loudness 4 times and the mean current lev
el was taken. 

The masking fi,)r the probe un electrode i, M i , is 
defined as the difference in decibels between the 
masked threshold pulse duration, Pi, and the un
masked threshold pulse duration (for normalised 
masking, see Appendix I). The unmasked threshold 
current of the probe on electrode i, Ii, was first mea
sured, using a fixed pulse duration of SOils/phase. A 
second threshold measurement was then performed 
tell' the probe in the presence ofa masker, adjusting the 
probe pulse duration while the current was held at I,. A 
single masking measurement was made for each com
bination of masker and probe. For a given probe elec
trode, the unmasked threshold and the masked thresh
olds for each of the masker modes were measured in 
the same session. 

Pulse duration was used as the variable in the 
masking measurements because the Cochlear Limited 
implant ,ll!owS finer control ofloudness by variation of 
pulse duration than of current. The choice of 50 Ils/ 
phase as the unmasked threshold pulse duration al
lowed the pulse durat ion to be increased by up 10 18 dB 
during measurement of the masked threshold, as the 
maximum available pulse duration was 400 Ils/phase. 
The unmasked threshold current, Ii, was determined 
by an adaptive 4-interval forced-choice technique, us
ing a PEST algorithm with a probability l)f 0.66 and a 
W (deviation limit of the sequential test) of 1.0 [2.1]. 
Each trial consisted of 4 observat ion intervals of 20 ms 
separated by 400-ms intervals of silence: one observa
tion interval contained the probe. the others no stimu
lus: the interval in which the signal was presented was 
randomised. The masked threshold pulse duration, 1'" 
was determined similarly. In this case, each trial con
sisted of 4 observation intervals of 324 ms separated 
by 400-ms intervals of silence: one observation inter
val contained the masker and stimulus, the others only 
the masker. Feedback was given to the subject arter 
each trial. indicating the correct choice. Each adaptive 
run began with the probe clearly audible. When mea
suring the unmasked probe threshold, the initial and 
final step sizes of current were approximately 1.72 and 
0.21 dB. corresponding to current level steps of 8 and 
l, respect ively. For each step of current level, the 
Cochlear Limited device produces a current increase 
of approximately 2.5(YtI [4]. When measuring the 
masked probe threshold, the initial step size of pulse 
duration was 1\ )1s/phase, while the final step size was 
1 )1s/phase. 
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L
levels. The eircles show levels for	 L ~------- .. 

::J 20HI' + I stimulation. the squares for U SIO 
CG and the in verted triangles I()r 
Mono with the ball electrode (in 
S5 only). The pulse duration (I'D) 
was 200 ~s/phase for all subjects 
except S I (I 00 ~s/phase) and S5 

40 
(50 ~s/phase). The pulse rate was ....... 
250 pulses/s and the st imulus du 30 
ration 600 ms. PH + 2 was used for 

S5 

~
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S9. A small reconstruction of the 20 LI~~~~~~~~~~~~~~.....J.~~~~~~~~~~~~~~-....J 

2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22X-ray of the implanted electrode 
array is shown f(x each subject. Electrode 

Results	 ground electrode. The comparable levels us
ing the plate ground electrode were almost 

C-Level and T-Level Current identical. Currents were generally lower for 
Measurements CG than for BP + 1 stimuli. In the ease l)fS9. 
C-Ievel and T-level currents are shown in where BP + 2 stimuli were used because the 

figure I and, in addition, small reconstruc currents required for BP + 1 were undul~ 

tions of the X-rays of the implanted arrays high, the bipolar currents were equal to or 
[24]. Only the conducting bands are shown. lower than those for CG in many instances. 
The subjects are arranged in order of decreas Currents were considerably lower for MOnl) 
ing insertion depth of the most apical band. than for BP + 1 stimuli. and varied relati\'ely 
and the X-rays reveal the wide range of inser smoothly across the electrode array. In S10. 
tion depths. The X-rays also allow the reader the T-levels and C-Ievels for CG stimuli were 
to see the spatial relationships between the considerably elevated at electrodes 4 and 14. 
electrode bands. For Mono stimulation (S5), This is thought to have been due to a partial 
the levels shown were measured using the ball short circuit between electrodes 4 and 14. 

Audiol Neuroo!,,\ 19%: 1:278-292	 Cohen/Bushy/Clark 282 
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Fig. 2. Pitch L'si imatcs for all 
subjccts plottcd against clectrode. 
Thc CITlll' hal's indicate ± I stan
dard L'ITllr 01' thL' mcan. Pitch est 1

mation IS SI1ll\\'tl hy filled circles 
for BI' + 1 stimulation. hy opcn 
squ~lI'cs Illr CG and hy open in
\ c['\cd triangles Illr Mll!Hl with thc 
b~lIl clectrodc (in S5 only). Thc 
pulsc duration (I'D) ,,'as ::'00 psi 
phasL' Ill!' ~111 suhjects cxccpt S I 
(100 ~ls/phasL') and S5 (50 ~Isl 

phasL'). Thc pulsL' rate was ::'50 
pulsL's/s and thc stimulus duratillil 
~OO ms. Thc numhl'r of prcscn ta
tlons PCI' stimulus was 10 ror ~i\l 

SUhjL'L'\S cxccpt S5, Illr whom it 
\las~. BI' +::' 'I'as used Illr S\). 
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Thc 1c\l~ls I'llI' BP + 1 in the regil1l1 of electrode 
14 were Imvered, perhaps because of an in
creased current sprcad due to the involve
ment of electrode 4 when electrode 14 was 
stimulated, These irregularities in levels were 
not observed l'l)r S lain the earlier study of 
Busby et a1. [7]. Not all conducting bands for 
511 werl' intracochlear. Therefore the most 
basal bands were not used and even I or 2 that 
may have been outside the cochleostomy en
try point. 

Pi/ell t'slilllOlioll 
Pitch estimates for all subjects arc plotted 

against electrode number in figure 2. The data 

Electrode 

for S I and S5 are identical to those given in 
Cohen et al. [14]. Although pitch data were 
given for S7 in that study, the data here are for 
a pulse duration of 200 Ils/phase, rather than 
100 Ils/phase. For all stimulus modes in all 
subjects, except CG in S9, there was a general 
reduction of pitch estimate with electrode 
number. For bipolar stimulation, the reduc
tion was fairly regular for SI, S7 and 59. The 
nature of the pitch functions for S5, and in 
particular the irregularity of the function for 
BP + I stimulation, has been discussed at 
length in Cohen et al. [14]. For 5 I0, the pitch 
function for BP + I stimulation was quite flat 
compared to those for other subjects, with a 
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maximum at electrode 14. The pitch data for 
S I I were taken from Busby et al. [7], where 
pitch estimates for both BP + I and CG 
appcar twice in different contexts. The data 
for each stimulation mode were combined in 
figure 2, and the resulting pitch functions 
were fairly regular apart from electrodes 4 and 
6. Electrode 4, and possibly clectrode 6, was 
extracochlear. 

For S7 thc pitch function for CG stimula
tion had a lesser slope than that for BP + I, 
and there was an increase at electrode 18. fol
lowed by an abrupt decrease at electrode 20. 
For S9, Busby et al. [7] have already reported 
a non-monotonic pitch function for CG stim
ulation. and our data are in agreement. The 
overall slope was less than for BP + 2. and 
there was a broad minimum at electrode 9. 
followed by a broad maximum at electrode 
15. The pitch estimate was higher for BP + 2 
than for CG for electrode numbers less than 
II, but lower for electrode numbers greater 
than II. For S I0, the pitch function for CG 
stimulation was quite flat, as for BP + I. As 
statcd above. the pitch function for CG stimu
lation of S II was fairly rcgular and not very 
different from that for BP + I. aside from the 
basal electrodcs 4 and 6. 

Forward Masking 
Forward masking results for all subjects 

are shown in figure 3. Each row represents a 
subject and each frame within a row repre
sents a different masker electrode position. 
moving from basal in the left frame to apical 
on the right. Ideally. if current spread is very 
localised, we would expect to observe a mask
ing pattern where masking is strongest at the 
masker electrode position and falls away rap
idly on either side of it. The raw forward 
masking patterns are quite complex. In the 
Discussion we will reduce them to a more 
manageable quantity, a 'centre of gravity' of 
the masking distribution. 

Audio! Nl'LJro01o] IY9h:l:27X-292 

BP A/askers. For BP + I stimuli. the most 
clearly localised masking patterns were seen 
for S7 and SII. For SI, the masking was 
mainly around the position of the masker. 
Note, however. the masking peaks at elec
trode 4 when the masker was at electrode 12 
or even at electrode 18. (Note also that the 
masking scale for S I is half those for the other 
subjects.) For S5, the masking patterns were 
around the masker posit ion for maskers at 
electrodes 6 and 18. However, t'(H the masker 
at electrode 12, masking was strong over the 
apical half of the array. For S9. although the 
masking patterns were brllad, they were in
creasingly apical in distribution as more api
cal maskers were employed. For SIO. the 
masking pattcrns had two peaks. cxcept for 
the masker at electrode II. A possible expla
nation is that current tended to !low through 
the presumed partial short circuit bel\\een 
electrode bands 4 and 14. causing neural exci
tation in both regions. A complicating factor 
is that all probe stimuli involving electrode 
bands 4 or 14 would also be atTectcd (i.e. 2.-+. 
12 and 14). 

CG Maskers. For S7. masking was smaller 
in amplitude with CG than with BP + 1 mask
crs. The patterns for the CG masker at clec-

Fig. 3. f"orward masking measureml'nts I,)r all ,ub
jeds. one ,ubjed per row. Forward masking is sho\\11 
in deeihl'ls re a pmhe pulsL' duration or 50 pS/ph~lSl 

and is plotted against prohe ekctrocie. Note that the 
masking sealc ror SI is hair or that 1'11' the remain1tlg 
suhjeets. Witilin a subject. dilTerent I'rames sh,m the 
masking rmm masker stimuli at diIT,.'rent eleetrl1lk 
posit ions. varying li'om b~lS~ll mash'rs Oil the IcI"l t\l 
apical maskers Oil the right. HI' + I maskers were used 
with all subjects eXl'l'pt S9 (HI' + ~l. CC; maskers \\ere 
used with S7. S9. SIO and SII. willie ~lono maskers 
were used with S5 (using thl' ball ground elcctrmk), 
The pulse duration (PO) or the mashTs \\as ~O() p' 
phase t'll' S7. 5 I0 and SII. 50 ~ls/phase ror S1 ,Ino S5 
and 300 ~IS/phase ror S0, The prohe eke! mdes \\C1'e HI' 
+ I 1,11' all subjects except 50 (HI' + ~), 

(','hell/Bush\ /( 'Iar!, 284 
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trode 18 was clearly more basally distributed 
than that for the BP + I masker at electrode 
17, while those for CG maskers at electrodes 6 
and 14 were slightly more apically distributed 
than those for their BP + 1 eountcrparts, elec
trodes 5 and 13, respectively. For S9, the 
masking patterns wcre broad. For CG, how
ever, it was elear that the centre of gravity of 
the masking distribution did not shift mono
tonically with the change of the masker posi
tilm. In particular, notc that the CG masker at 
electrode 14 produced a considerably more 
basal distribution than did the CG masker at 
electrode 10. Not also that, while the pattern 
for electrode 10 (CG) was more apical than 
that for electrode 9 (BP + 2), the pattern for 
electrode 14 (CG) was more hasa/ than that 
for electrode 13 (BP + 2). For SlO, the pat
terns for CG maskers were generally not very 
different from those for BP + 1. However, the 
pattern for electrode 20 (CG) was clearly 
marc basally distributed than that for elec
trode 19 (BP + 1). For S11, the masking pat
tern for the CG masker at electrode 12 was 
similar to that lor the BP + 1 masker at elec
trode 11, although its peak was a little more 
apical. The masking for the CG masker at 
electrode 16 was smaller in amplitude than 
that lor the BP + I masker at electrode 15. 

11!0I10po/ar A1askers. Monopo]ar maskers 
were used with only I subject (S5), but both 
her pitch estimation and her forward masking 
data were of interest. Her pitch data are dis
cussed at length in Cohen et al. [14]. Her 
masking patterns for Mono maskers at elec
trodes 6 and 18 had similar distributions to 
those lor BP + I maskers. However, the pat
tern for a Mono masker at electrode 12 was 
basally distributed, while that for a BP + 
masker was apically distributed. 

Discussion 

The forward masking patterns showed 
large variations among subjects and. in some 
of them, considerable differences betwecn 
modes. Two of the subjects (S5 and S9) had 
been chosen because of known anomalies in 
their pitch estimation functions [7. 14]. The 
pitch estimation data (fig. 2) and the forward 
masking data (fig. 3) for thesc subjects ap
peared to be consistent in the sense that a 
high-pi tched st imulus prod uced a basal mask
ing distribution, while a low-pitched stimulus 
produced an apical masking distribution. For 
example. for BP + 1 stimulation in SS. while a 
t~lirly high pitch estimate was obtained for 
electrode 6, iLlW and approximately equal 
pitch estimates were obtained for elcctrodes 
12 and 18. Consistently. while the llmvard 
masking distribution Illr electrode 6 was bas
al, those tl)r electrodes 12 and 18 were tilirly 
broadly spread over the apical half of the 
array. Similarly. where the pitch estimates Illr 
BP + I and Mono stimulation of electrode 12 
were low and high. respectively. the forward 
masking distributions were apical and basal. 
In S9, the pitch estimation functions tllr BP + 
2 and CG stimulation cross at electrode II: 
BP + 2 produced the higher pitch sensations 
for lower-numbered electrodes. while CG pro
duced the higlwr pitch sensations for higher
numbered electrodes. While the forward 
masking distribution for electrode 9 (BP + 2) 
was more basal than that for electrode 10 
(CG) the distribution for electrode 13 (BP + 2) 
was more apical than that Illr electrode J-l 
(CG). This relationship between pitch esti
mate and predominant region of forward 
masking, namely that the lower the pitch esti
mate the more apical is the lorward masking 
distribution. seems quite reasonable. How
ever, there arc several tacit assumptions. in
eluding the following: the more apical the neu
rons excited by electrical stimulatilln. the !Lm-

Audiol Ncurootol 1996: 1:278-292 ('ohcnIBusln/( 'lark 286 
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er the pitch sensation: the probe electrodes 
excite progressively more apical neurons (dis
cussed further below); the forward masking dis
tribution gives an approximation to the neural 
excitation pattern produced by a stimulus. 

Simplificario!l o(Fol'\mrd Maskil1/i Data 
We sought to quantify the effective place 

on the array of a forward masking distribu
tion. by calculating a centre of gravity. Reduc
ing each forward masking distribution to a 
single number would facilitate a visual com
parison of the pitch and forward masking 
data. A median electrode position was found 
such that equal areas under the masking curve 
\\ere present on either side. At the ends of the 
array, the masking function was arbitrarily 
rounded ofr. being assumed to reduce linearly 
to zero masking at points 2 electrodes beyond 
the most extreme electrodes measured at ei
ther end. It was hypothesised that the median 
electrode position might be related to the sub
jective pitch of the masking stimulus. The 
data from figure 3 were processed in this way, 
yielding figure 4, in which the median elec
trode position is plotted against the electrode 
num ber of the masker. A small number for the 
median elect rode posit ion ind icates predom i
nantly basal masking. 

Comparison of figures 4 and 2 confirmed 
that as the masking became more apical, the 
pitch decreased. The correspondence was gen
erally good, especially in terms of the relation
ships between different stimulation modes in 
indi\idual subjects. For SL a regular increase 
in masker median electrode position corre
ponded to a regular decrease in pitch esti
mate. For S5 the relationships between mask
IT median electrode positions, !()I' either stim
ulation mode and between the two modes, 
\\ere qualitatively similar to the correspond
ing relationships between pitch estimates. In 
the case ofS7. both the forward masking and 
the pitch data showed a peak at electrode 18 

for CG stimulation but not for BP + I. For 
S9, the relationships between masker median 
electrode positions were again ret1eeted qual
itatively in those between pitch estimates. In 
each figure, while the function for BP + 2 
stimulation varied regularly, that for CG 
showed a marked non-monotonieity so that 
the functions for the 2 modes crossed at 
about electrode I I. It is of interest that, for 
BP + 2 stimulation. S9 perceived a elearly 
regular decrease in pitch with electrode num
ber, in spite of her very broad masking d istri
butions (fig. 3). For SlO, the centre of gravity 
relationships calculated from the forward 
masking data were qualitatively similar to 
the relationships seen in the pitch estimation 
data. While small peaks were present in the 
pitch data for both modes at around elec
trode 15. quite Idfge peaks were seen in the 
masking data. The forward masking data 
for SIO (fig. 3) appear to be consistent with 
an electrical connection between electrode 
bands 4 and 14. The mJskers used did not 
directly involve these bands. except inas
much as CG uses all bands but the nominal 
band connected together as a return. Even so. 
it appears that when the masker produced 
excitation in the vicinity of electrode 4. exci
tation Jlso occurred in the vicinity of elec
trode 14. and conversely. Thus. abnormal 
masking patterns occurred even for elec
trodes that did not involve the suspect bands. 
This is feasiblc as the short circuit would 
tend to make the potential in the vicinity of 
one shorted band equal to that in the vicinity 
of the other. If the effects seen were due, in 
fact. to part ial short eireu its between elec
trode bands. the data therefore suggest that 
such short circuits may result in degradation 
of performance for numerous electrodes. not 
only those directly involving the shorted 
bands. For S II. the centre of gravity esti
mates from the limited masking data were 
not inconsistent with the pitch estimation 
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data. It is noteworthy that. even for broad and of the probe. In order to be able to interprct 
multipeaked masking distributions like those the neural excitation pattcrn due to a masker 
of S9 and S I0, the correspondence between electrode in terms of the behaviour of probe 
the pitch estimate and median electrode posi electrodes. it is necessary that we havc some 
tion was fairly good. knowledge of the excitation patterns of the 

In establishing a correspondence betwecn probes. As an example of the possible inter
forward masking and pitch estimation data pretive difficulties. consider the case of S5. 
and, in particular, in endeavouring to 'ex where the forward masking distribution 
plain' pitch data by analysing forward mask (fig. 3) corresponding to a BP + I masker at 
ing distributions, it should be said that there is electrode 12 extendcd fairly uniformly over 
a degree of circularity in the underlying argu the apical half of the array. This uniformity 
ment. It is assumed that the probe stimuli might have occurred because all the apical 
used in producing a masking distribution ex probe stimuli (BP + I) excited the same set of 
cite populations of neurons that vary regularly neurons. This suspicion is strengthened by the 
and monotonically with the electrode number fact that the forward masking distributions 
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for ililmaskers were birly uniform in the api
cal half of the array. 

One way to minimise the likelihood of 
such errors would be to obtain pitl'll estimates 
for the probe electrodes, initially at a comfort
able level. If these estimates ckcreased regu
larly and substantially with depth of the probe 
electrode, one might be reasonably confident 
of the distinctness, and regularity of variatil)J1, 
of the sets of neurons being stimulated. If the 
estimates at the comfortable level did not vary 
appropriately, pitch estimation could be re
peated at a lower leveL morl' representative of 
probe k\els during the masking process. 
Another possibility would be to maintain the 
probes at a fixed level a little above threshold 
so that the distinctnl'ss of excited neural pop
ulations could reasonably be assumed and to 
\ ary the level of the masker. 

Another uncertainty concnn ing forward 
masking is whether the 'spread' takes place 
peripherally or centrally. Arguably, the results 
might be similar, as far as the effect on the 
ability to distinguish different stimuli is con
cerned. For that reason it may be hard to 
answer the question psychophysically. A com
parison orforward masking distributions with 
electrically evoked L'ompound action poten
tial distributions [25-27] could help to deter
mine whether the spread occurs peripherally. 
It would be useful. also, to usc computer mod
\?Is l)f current spread and neural excitation, 
comparing the predictions with forward 
masking distributions and attempting to ex
plain the causes of the psychophysical anoma
lies observed. 

The data tend to confirm the existence of a 
simple relationship between pitch percept and 
fomard masking distribution and therefore 
probably neural excitation distribution. Fur
ther research is rcquired to confirm that rela
tionship, to quantify it and to determine its 
lim its l)f applicability. Further research might 
then address the question of how pitch varies 

with systematic changes in forward masking 
distribution. The changes in masking distri 
bution could be achieved by varying the stim
ulation mode, for example by varying the 
band separation in bipolar stimulation. Alter
natively excitation patterns could be obtained 
by stimulating groups of several electrodes in 
rapid succession. For exampk, regions of uni
form masking might be obtaincd so that the 
apical or the basal end point was fixed. while 
the extent of the distribution was varied. It 
would be of interest to determine whether, in 
the case of electrical stimulation. the pitch 
was associated more with the centre of the 
masking distribution or with the apical end. 

While this study indicates that variation of 
pitch estimate with electrode can be esti
mated from forward masking data, the con
verse is clearly not true. More detailed infor
mation is contained in forward masking data 
than in pitch estimation data. We have shown 
(S5 in Cohen et al. [14]) that extreme anoma
lies in pitch estimation functions may be asso
ciated with degradation in speech perception. 
However, to date it has not been demon
strated that a clear correlation exists between 
pitch estimation functions and speech percep
tion. This question should certainly be stud
ied further, but with the very detailed infor
mation that forward masking can provide, it 
may well be a more powerful tool for the study 
of intersubject differences in speech percep
tion. However. measurement of forward 
masking is also very time-consuming, prohi
bitively so in a clinical context. The develop
ment of a faster forward masking technique 
would enable it to be used more widely. 
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Appendix 1: Normalisation of Forward 
Masking Data for Differences in 
Dynamic Range 

The unnL1rmalised masking fnr a pruhe llil the itll 
electrode, as given abl)\c' dnes nnt all,)\\ I"l' dill,'r 

elKes of dynamic range hellveen ,'\cctrndes or bet\\ec'll 
subjects. Tong and Clark [16J and Lim et al. [I;] 
employed an expression 1,)1' Ihe masking that I,")k 

account or dillerences in dynamic rangc annss c'lcc'
trodes within a subjcct but nnt belvveell sul'Je,·ts. We 
suggest a nwdiried expression that alsn takes aCl"\)[ll1t 
approximately or ditTerellL""S in dynamic rang,' hc'
tween subjects. The nL1rmalised masking 1\\1' ,I prl\hc '1\1 

the Ith elecIJ"L\de. M'" is given bv the unnllrmali,;el! 
masking. M I, expr,'ssed as a percenuge nfthe dv n,1111 ic' 
range of pulse duratilHl rnr thl' ith electJ"L\de: 

M', = 100 logll\(IJ,I5())/log llI(P, ,150), ( II 

('"hc'lll BusllV'!( '1" rk 
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\\ IllTe Pi is tile ma'~l'd Il1r,'slwld pulse dural ion and 
PI J' till' pulse dur~ltll)n at comlllrtahle loudness !l1/' 
till' itl1l'Ic'l'trllde. In the ml'asurl'menl uf bOlh PI and 
1\ I' lhl' currl'nt \\as fi:\ed ~lt its unmas~ed Ihreshold 
I~liul' 01' I" Ilhieh h~ld hel'n ObUlinL'l1 u,lIlg a pulse 
duration 11150 p,/pha,e. The ,ubjl'Lt ~Idjusled Ihe pul,e 
d u r~1 t ion I"l' "omforl~\hleloud ness al eleel rllde 12. Th i, 
l11e,l,url'l11enl \\~IS pcrf\Hl11l'd 111'ice 10 ohlain a nlL'an 
lalue. I hl' ,Uhjl'l't t1lL'n adju,ted Ihe pube dural ion of 
e~lll1 Ill' till' otllL'r prllbe L'IL'ctrode'. al it, unma,ked 
1IHl'SI11 lid current. so thal II, loudnes,.; II as equal to that 
01 eic'l'trlldl' \ 2. The me~lI1 01' tIn) measurL'mL'nts gave 

1', " 
TllLI'. ifthl' m,I"~l'd threshuld pulse duralion oflhe 

l'rllbl' corrl'spolllkd III lis unmasked Ihreshold, the 
n,lrm~liised l11as~ing would hL' 0%, while if it corre
,pol1lkd 10 its unmas~ed eOmlllrlahle IneL the nl)r
l11ali"l'd 111,\S~lng Ivould he 100%. A plot ol'the norl11al
i'ed m,J'~ing \~liues. Mi,. Il)r all tile pmbL' elcL'lrllde 
pairs gil l'S a psyCllllpl1) sical mas~ing curVe' thai take, 
aCCllunt apprll,il11alell or the slo[ll's 01 thL' loudness 
gl\l\1 th functions Iln IIll' prllbe elel'trlldes. The eX[lres
'illn Ill]' thl' normallsl'd l11as~ing assul11es that loudness 
J' prllpllrtional to the logarit 11111 \11 thl' [lulse duration. 
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