Development of distortion product emissions in the gerbil:
“Filter” response and signal delay
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Amplitude and phase responses of distortion product otoacoustic emissions as a function of stimulus
frequency ratio were measured for frequencies between 2 and 48 kHz, in Mongolian gerbils
(Meriones unguiculatesaged 15 to 30 days after birth. After baseline measurements, furosemide
was administered to distinguish active from passive emissions. At all ages, structure in the form of
multiple peaks was observed in the amplitude responses of specific odd-order emissions. This
structure depended on themissionfrequency, not the stimulus frequency ratio, and did not
generally depend on the stimulus amplitude. Nor was it dependent on the functioning of the cochlear
amplifier: At moderate stimulus levels, the observed emission distribution simply shifted to lower
amplitudes when the cochlear amplifier was made temporarily dysfunctional by furosemide
injection. The center frequencies and widths of the peaks in the amplitude response did not generally
change with age, except that the relative amplitudes of the higher-frequency peaks were increased
in younger animals. At 2 kHz, however, the distribution showed other evidence of maturation, with
the frequency of maximum emission moving downward with age. The phase responses yielded
estimates of the round trip sign@roup or traveling wavedelay. At a given frequency, the active
signal delay typically decreased substantially with increasing stimulus level. However, there was a
rapid variation in delay as the stimulus level passed the normal active—passive crossover level. At
stimulus levels measuretlative to the active—passive crossover level, i.e., either 20 or 30 dB
lower, the active signal delay decreased only slightly with age. Overall, both filter response and
signal delay characteristics were found to be essentially mature near the onset of hearit897 ©
Acoustical Society of AmericfS0001-496€07)04601-9

PACS numbers: 43.64.Jb, 43.64.KRDF|

INTRODUCTION developing mammalian cochlea, and to more completely
characterize the emission amplitude response as a function of

The variation of distortion product emissions as a func-stimulus amplitude, frequency, and age of the animal. If the

tion of stimulus frequency ratio has been important in thefjitering is due to specific micromechanical structures, the
investigation of cochlear mechanics. There have been tWenaracteristics of this filtering may change as these structures
main applications, one associated with the interpretation O&evelop. Overall, emission amplitude responses should be

Fhe amphtl_Jde response of the emissions, the other W'th_thﬁelated to developmental changes in the interaction of waves
interpretation of the phase angle response. Both appl|cat|on0§ different frequencies in the cochlea. These interactions

have obvious relevance to the study of the mechanics in the :
: must depend, for example, on the extent of the region of
developing cochlea.

It is well known that there is structure in the amplitude active amplification along the basilar membra@), and

response of specific odd-order emissions when the stimulu” the sharpness of the pea.k BM response.
Separate from the amplitude response, the phase angle

frequency ratio is varieBrown and Gaskill, 1990b; Gaskill e
and Brown, 1990 This structure appears to be associated€SPOnse has primarily been employed as a measure of the
with the emissiorfrequency, not with the stimulus frequency round trip travel time. This time has been variously called
ratio itself (Brown and Gaskill, 1990aThat is, for constant the group, signal, or traveling wave deld@rown and Kemp,
stimulus levels the amplitudes of these emissions appear #985; Kimberleyet al, 1993; Plonsey and Collin, 1951
peak when the emission frequency is about one half-octavéontrasted with the phase velocity, the signal velocity is the
below the higher-frequency stimulu@rown and Gaskill, speed associated with energy or information transmission in
1990b; Brownet al., 1992. This discovery has been used to a medium(Plonsey and Collin, 1961For distortion product
support the idea that there is a “second filter” in the cochleagemission measurements, the signal delay specifically is the
which filters the emissionafter generationBrown and Wil-  round trip time associated with a stimulus signal passing the
liams, 1993. Specific micromechanical structures have beemmicrophone and going into the cochlea, traveling down the
proposed to account for the filteringAllen and Fahey, BM, generating an emission, and the emission traveling back
19934, b. out of the cochlea and being detected by the microphone.
It seems useful to extend these investigations into theyith certain assumptions, the round trip signal delay time
can be related to the measured change in phase in the emis-
dElectronic mail: dmmills@u.washington.edu sion at the microphone location relative to that of the stimu-
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lus, the phase changes occurring when the ratio of the stimdeft side, along with much of the scalp. The skull was at-
lus frequencies is changed. tached to a head holder with cryanoacrylic adheg¢®er-

The major difficulty with the interpretation of the signal den, and a thermocouple placed in the rectum. An automatic
delay as measured by emissions is the fact that the derivetkating pad kept the internal temperature at 36—37 °C. Tis-
signal delays depend strongly on stimulus level, typicallysue was removed over the bulla immediately posterior to the
decreasing with increasing stimulus leyBrown and Kemp, ear canal, and a holél-2 mm diameterdrilled into the
1985. It is difficult to know how to relate the wide span in bulla to equalize static pressure in the outer and middle ears.
measured values to physical distances in the cochlea. It hd$he bulla hole was left open, to improve low-frequency
been suggested that téferencesetween signal delays at sound conduction through the middle ear in these young ani-
the same stimulus intensities but at different frequencies repmals (Cohenet al, 1993; Mills et al, 1994.
resent a valid comparison between traveling wave delays at
different frequenciesKimberley et al,, 1993. However, the B. Equipment and procedures

situation cannot be resolved so easily. Because of possible The equipment and basic procedures employed for the

differences in passive conduction into the cochlea atdifferenll‘ﬂgh_frequency distortion product measurements were the
frequencies gnd ages, the e'quivalent stimulus levels in th ame as previously reporténlills and Rubel, 1995 Briefly,
cqchlea at d!fferent frequgnues cannotd}}sumedq oceur 5 coupler was employed which incorporated two micro-
with equal stimulus levels in the ear canal. There is, after aIIphones and two sound delivery tubes connected to a 2-mm
noa priori reason to (_:hose equa_ll stimulus levels at_any diameter central cavity. One microphone was a 1/4-in. high-
partlcglar point and using any pz_irt|cu|ar measure. Thatis, th'farequency microphoné_arson & Davis 253Dcalibrated as a
quantity to be “equallze_d” at different freq_uenmes or agesprobe microphone, with the probe tip located at the coupler
could eque}IIy well be stimulus pressure, displacement, Vo'bpening. The other was a removable ER-10B low noise mi-
“”?et veflocny, I_or (ta_nergy fllgv(t}feefe et aI:, t19?3’ a?r? the tcrophone(Etymotic). Using a micromanipulator and operat-
Fom 0 gqualzt% |tontr(]:0u hle any point ajong the npu ing microscope, the coupler was joined to the ear canal open-
ranﬁ_r;:}ss!on pa t'o | el cochiea. bl in int i ing. A wide band noise signal was introduced into the ear
IS 1S a particularly vexing problem In INerpreting oo, through one of the sound delivery tubes, and the output

changes in S|gnal delgy during develqpment, given th%f the probe microphone used to calibrate the sound delivery
known changes in passive conductance into the mammali stem and the ER-10B microphone respoinssitu, to 50
cochlea during developmeriMills et al, 1994; Mills and '

Rubel, 1998 For example, there have been two rece_nt Mea- A set of measurements of normal emissions, taking 1-2

) rn, was then completed. For each single emission measure-
infants and adult{A. M. Brown etal, 1994; D. Brown ment, two tonegfrequencied ; andf,) were introduced into

ett al; 1?'94] Both measur?d dlela_ys t?]t about the slarzt:, C(?;the ear canal through the two coupler tubes, and the ER-10B
stant simulus pressure 1evels n the ear canal. mi microphone output synchronously averaged, typically for 4 s.
frequencies, the first study found a decrease in the me

) . ) 4fhe lower-frequency stimulus amplitude;, was always 10
delay with age and the second study an increase; the reasofys higher than the higher-frequency stimulus amplitud,

for tgf t(;l}l_ffereljcte .‘:‘re not kUOW”-t tt tablish valid (Mills et al, 1993; Whiteheadkt al., 1995a, b. For this re-
IS point, It seems Important to establish valld pro- ,q 4 the pasic measurement sequence involved a sequence of
cedures for the measurement of delays using experiment [imulus frequency ratios. The upper frequerfgy,and both

animals; fpr these animals distortion prod-uct emissions ar‘gtmplitudes of the two stimulus tones were fixed for these
much easier to measure than for human infants and the re-

it b d 1o ind dent f hi %equences, while the lower stimulus frequentcy, was in-
tsrl;vsélct?nrle € compared to independent measures of Cochiegql mented after each single measurement. For the initial data

set for all animals, the basic sequence included measure-
. METHODS ments at 17 frequency ratios frof/f,=0.714 to 0.925.
There were additional measurements for some animals at
some frequencies, particularly including lower ratios for
Young gerbils(Meriones unguiculatgswere obtained f,=2 kHz. The basic frequency ratio sequence was con-
from breeding pairs maintained in our colony, originally pur- ducted for a number of different stimulus levels, starting near
chased from a commercial suppli€fumblebrook Farms, the noise floor for the cubic distortion tot€DT, 2f,—f,)
Brookfield, MA). Pairs were checked for births daily, and the emission. Stimulus levels were incremented in 10-dB steps,
date the birth was first observed was denoted 0 days aftéo a maximum of 80—100 dB SPL depending on age &nd
birth (dab. All animal preparation and recording were per- frequency. This set of measurements was made for each of
formed in an 1.A.C. double walled acoustic booth. Animalsthe following f, frequencies: 2, 8, 16, 32, and 48 kHz. Note
were initially anesthetized with a subcutaneous injection of ahat only for the older animals could emissions be detected
mixture of ketamine hydrochloridéKetaset: 15 mg/kgand  above the noise floor for the higher frequencibtlls and
xylazine (Rompun: 5 mg/ky A surgical depth of anesthesia Rubel, 1996.
was maintained by subsequent injections, as needed, of ei- After the initial data set was completed, the animal was
ther ketamine alone or the ketamine-xylazine mixture, agiven an intraperitonedl.P.) furosemide injection to estab-
about one half the initial dosage. The pinna, surroundindish the “passive” emission response. Dosages were set on
skin, and outer third of the ear canal were removed on théhe basis of previous experimer(fdlills et al, 1993, 1994;

A. Animal preparation
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TABLE I. Number of animals in experimental groups. Age of each group is The procedure employed has been to include a limited
given in days after birttidab with the furosemide dosage used for that age range Offl frequencies, typically 5-7 points, located around

group- the amplitude maximum and spaced closely enough that the

Age Furosemide typical change in emission angle between neighboring ratios
(dab Number (mglkg was securely less than 180°. The emission angles were then
15 6 60 unwrapped by a computer program and the corrected, un-
17 6 80 wrapped phase angles were calculated and displayed. A lin-
20 6 100 ear, least-squares fit was then made to these points, and the
25 5 150 round trip signal delay was calculated from the slope of this
30 4 200 line, according to Eq(1).

42-46 3 300

II. RESULTS

Mills and Rubel, 1996so that the cochlear amplifier would A. Signal delay, active emissions
be rendered essentially nonfunctional for a brief time, usu-

ally about 5—7 min. The required dosages varied with age as, we qperational_ly define active emissions_ as those emis-
noted in Table I. During the time that the cochlear amplifiers’Ions which are emitted by a normal mammalian cochlea and

was nonfunctional, a brief series of frequency ratio Se_which are essentially eliminated when the endocochlear po-
' tial is sharply reducetMills et al, 1994; Nortonet al,,

uences was taken. Because of time constraints, these wet ) .
d 91; Norton and Rubel, 1990n practice, this means that

limited to five or six different frequency ratios, and at stimu- ) . .
dhese are certain odd-order emissions found at relatively low

lus amplitudes near the upper limits. The passive measure-, . -
ments were conducted for the sarfe frequencies as the stimulus levels, although care must be employed in defining
hat stimulus levels are “low” for a given frequency, spe-

initial, active measurements, and 10-dB intervals were als¢’ d devel tal stafMills et al. 1994 R
used for the stimulus amplitudes. For the younger animal§'®s: and developmental s ageills et al, 4. Represen- .
(up to 20 dab the passive emissions were so weak that aglative _results for amphtude aﬂd phase responses of active
ditional filtering was required to successfully detect them. aemissions at ;he CUP'CFQ'Stim]?n ton@lng,t 2f1;_|f2;:fre- h
programmable low-pass filter was employed on the ER-10glUeNCY are snown in F1g. 1, tor an adull gerbil. For eac

output, to reduce the magnitude of the stimulus frequenc aneli(th?];? fr(;aque(;ug%/ apd the sﬂm;ﬂus Ig\{ellsl ar:ld.Lz
components in the microphone signal, as was done prev-ere ept fixed, and thé, frequency stepped in small incre-

ously (Mills and Rubel, 1995 This was successful in en- ments. The amplitude of the emission is shown in the lower

abling detection of the amplitude of the weak passive signalganE| of each pair, and the phase angle response in the upper

but the phase response was not then usable, due to the adBF}neI. Note that the horizontal axis in these figures is the
tional phase shifts caused by the filtering ’ ratio f,/f,. This is the most useful form for the axis for

Each animal was monitored for one half hour after in_experiments in whicH, is kept fixed, and , varied. That is,

jection to assure that there was at least partial recovery oqhsmple gr?hUép ?elay leads tobatllnear rer:atlonsh(ljptrk:etw?_e n
emissions during this time. The total number of animalsPNase an 1 Irequency, or between phase and the ratio

measured in each age group is given in Table I. faft,. . .
Procedures for the care and use of the animals reported The responses shown are typical of adult gerbils at rela-

on in this study were approved by the University of Wash-UVvely low stimulus levels. The amplitude responses had
ington Animal Care Committegre: Grant No. NIH DC maxima atf,/f, frequency ratios near 0.75-0.8, and the
00395, Ontogeny of Sensory Processes phase response was approximately linear across these middle

f,/f, ratios. There appeared to be a trend for the frequency
ratio at maximum amplitude to move to lower ratios, for
lower f, frequencies. This trend appeared stronger in
younger animals, as the representative example of a 15 dab

For this report, the variation in phase angle with stimu-gerbil in Fig. 2 illustrates. Emissions are shown in Fig. 2
lus frequency ratio f;/f,) was generally converted into an only for f,=2 and 8 kHz, as adequate phase responses for
equivalent “signal delay.” For an emission at the frequencystimuli with f,=16 kHz and above were not obtainable in the
given by f ;= (mf,—nf,), the round trip signal delays as- 15 dab neonates, due to emission amplitudes being at or
sociated with that emissiofT,,,, have been determined us- below the noise floor.

C. Data analysis: Signal delay

ing the equation(Kimberley et al, 1993; Mahoney and The range of frequency ratios chosen for the estimate of
Kemp, 1995 the signal delay in this experiment is also illustrated in Figs.
1 and 2, by the filled-in phase data points in the upper panels,
Tion= —A®yn/Af i, 1) Y P P PPET P

and the horizontal bars in the lower panels. This range was
where thecorrected emission phase angle, relative to the chosen, on the basis of responses such as shown in Figs. 1
stimuli phases, is given b¥ .= ¢~ (Mep;—N¢,). The and 2, to be the best compromise across the rangg, of
quantity ¢, is the measured emission phase angle, and frequencies from 2 to 32 kHz. This range, frdgif,=0.746

and ¢, the measured phase angles of the two stimuli;at to 0.82, includes the regions where the amplitude is maxi-
andf,. All emission phase angles reported here are correctegchum for nearly all ages, the exception being the younger
emission phase angles. animals forf,=2 kHz. After the phase response was un-
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FIG. 1. Individual data: Amplitude and phase for the cubic distortion proEXT, 2 f,—f,) emission are presented as a function of frequency ratio, for
representative responses in a 30-day-old animal at low stimulus levels. The parameters listed in each of the lower panels are the upper stimuldig,frequency,
and the stimulus levelg,; XL, (dB SPL). The crosses in the lower panels indicate the measured noise levels. The horizontal bars and the filled-in phase
symbols indicate the phase responses that were used to calculate the round trip signal delay to be associatet), inéodieacy and stimulus level pair.

These are the seven measurements taken &gih,=0.746 to 0.820 in approximately 0.012 increments. The CDT phase angles listed here and elsewhere are
those referenced to the measured stimulus phases, that is, by subtracting the ¢@éntity,) from the measured CDT phase, whefgis the measured

phase angle of thél stimulus at the microphone, ant) the phase angle for thg, stimulus. The phase zero reference in each panel is arbitrary. The
least-squares best linear fit to the 7 phase points are shown by the lines, the figures give the derived signal delays in mitiitseddptis that the phase

angles are shown folded into a single 360° interval here, but were unwrapped before fitting the straight line shown.

wrapped, least-squares linear fits to the phase variation wittatio, particularly outside the region of the maximum ampli-
frequency were made, as illustrated in Figs. 1 and 2. Valueside for the emissiofiFig. 1).
of signal delay from Eq{1) corresponding to the slopes The signal delays found varied not only wif fre-
shown are also listed. These values are typical of the rangguency, but with stimulus amplitudé,; XL, at a givenf,
found in these experiments, from 2 to 3 ms foe=2 kHz  frequency. Figure 3 presents the observed variation for the
down to 0.2 ms forf ,=32 kHz. Note that, in contrast to the same two animals as in Figs. 1 and 2. Stimulus levels were
results for humangKimberley et al,, 1993, the phase angle incremented in 10-dB steps, with, always 10 dB belowvt ;.
response in gerbils was not always linear with frequencyAs in these two examples, the derived signal delay typically
decreased by a factor of 2 as the stimulus level increased

S o ST
| YO i 5 T T T T T T T T T T
s ° %04 15 dab 30dab |
- ] 95-1628 95-1641
3 i 0.48 ms | 2kHz ( ) 2 kHz ( &
<
[«% . -
: £
- SR =
o - - o ir 8 kHz 1 F -
%) K] ]
) N 1 °
8 o]
QO = " g o *
2 75}
= - 70x60 .
Q e, *
CEG "201+++++++++ + o+ = . 3 + ]
= + 7
Q . 1 . . 4 . 01 1 1 1 1 1 1 1 : 3 1 1 2 1
O 07 08 09 0.7 08 0.9 T 40 60 80 20 40 60 80
Stimulus frequency ratio (f;/ f5) Stimulus level (L, dB SPL)

FIG. 2. Individual data: Amplitude and phase of CDT emissions are plotted-IG. 3. Individual data: Round trip signal delay is presented as a function of
versus frequency ratio, for representative responses in a 15-day-old animatimulus level for the same individual animals presented in Figs. 1 and 2.
at relatively low stimulus levels. Same conventions as Fig. 1. For thes@he parameter listed is the higher stimulus frequerfgy, Signal delays
younger animals, adequate phase determinations for stimulus frequenciegere calculated using the phase responses noted in Figs. 1 and 2. The
f,=16 kHz and above were not obtainable. asterisks denote “equivalent” stimulus levels fiy=8 kHz (see text
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from 40 to 80 dB SPL. Further, there was no obvious ten-
dency for the derived signal delay to reach an asymptote ag;
lower or higher stimulus levels were approached. Finally, atg 40
higher stimulus levels were typically unexpected, systematic"é

L f1/fy: 0.73 0.78
Pre-injection

variations in the derived signal delays. For example, note theg 20
rapid variation in the derived signal delays for the 30 dab% /
animal in Fig. 3, occurring betwedn,=60 and 80 dB SPL E 0
for f,=8 kHz, and between 70 and 90 dB SPL fige=16 5 AC
kHz. These rapid minima and maxima were quite consis- § -20

tently found at higher stimulus levels, and the total variation &

in signal delay typically spanned about an octave. 5 / } 'é;fs';':f

These intrinsic variations with intensity make direct de- © e T 0 b S T
velopmental comparisons very difficult. For example, the 8 40 60 80" 40 60 |y 40 60 80
kHz delay was typically larger for the 15 dab animal than it Stimulus level (L, dB SPL)

was for the 30 dab animal. This would seem to imply a

decref_is_&n signal delay a}t 8 kHZ_dU”ng development. HOw- FiG. 4. Individual input—output, or “growth functions,” i.e., variation of

ever, it is known that higher stimulus levels are generallycubic distortion tone(CDT, 2f;—f,) emission amplitude with stimulus

required in the ear canal at 15 dab Compared to 30 dab t@vel.' 'I.'he.solld lines are the normal,'pre-lnjectl‘c‘)n gro_w'th functions. The
rovide the same. equivalent levels in the cochlea at 8 kH%ost—mjectlon responses, taken at the time of the “flat minimuivills and

P . ! q_ . ubel, 1994, are indicated by the open circles, with the “best-fit” straight

(Mills et al, 1994; Mills and Rubel, 1994 Suppose this jine with a slope of 2:1 shown. The three growth functions are alfjer8

were a 20-dB difference, which is typical. The delay at 15kHz, but different ratios of stimulus frequencidg,andf,, as noted. Each

dab for sayL,=70 dB SPL should then be compared with of these growth functions yields an estimate of the active—passive transition
! 1 level, L, , and the shift in emission amplitude at low signal levels, labeled

the delay _at 30 dab W|t"l1:50 dB SPL'_ Th_ese_ “equiva- AC. The shift,AC, is the difference between the CDT emissions with and
lent” locations are marked with an asterisk in Fig. 3. It canwithout a functional cochlear amplifier, and is therefore related to the gain

be seen that, rather than showing a marked decrease wighthe cochlear amplifier. For the example showpwas 77 dB SPL for all
maturation, the comparison of such equivalent levels would™®® "atios, and the average shifC, was 55 dB.

imply that there was little change with maturation. There is a i

similar potential problem in comparisons between different€low 4 kHz (Mills etal, 1994. At 8 kHZ_’ there was a

f, frequencies at the same age, due to frequency variations fifcrease of nearly 20 dB for the older animal compared to
input transmission. For example, for the individual animal inthe 15 dab animal. . _

Fig. 3, the 16-kHz delays were larger than the 8 kHz at the The_ rel_atlve maxima and minima seen in the 30 dab
same levels(SPL). If middle ear effects accounted for a animal in Fig. 3, which dlld nc_)t occur at thg same absolute
20-dB difference at 16 kHz, however, one might correct thd€VE!S; are now observed in Fig. 5 at approximately the same

16-kHz curve by shifting it to the left by 20 dB. The delays levels relative to the crossover stimulus level. These rapid
at 16 kHz at these “equivalent” levels WOl.Jld then be Variations occurred largely in the 10-dB range for which the
smallerthan at 8 kHz stimulus leveld_; were 10 dB below the crossover level,,

In order to properly compare results, the stimulus levels
employed for each animal werormalizedby referencing 5

them to the crossover stimulus level, . This has been de- 1+ 15dab E i 30 dab
fined to be the stimulus level in the ear canal at which the W |  (95-1628) 2kHz | ! (95-1641)
transition from primarily active response to primarily passive PN = Lo
response occurs in the cochl@dills et al, 1994; Mills and : 85 dB SPL) Ly
Rubel, 1994. Values ofLy were estimated for each animal Wk 8kHz: 1L 84 dB SPL)

|

|

8 kHz
The pre- and post-injection growth functions were ob-

tained (with 10-dB stimulus interva)sfor the threef,/f, S
ratios noted, and were plotted as shown. The crossover2

@

E

at eachf, frequency as illustrated in Fig. 4. =
3

< |

|

{

stimulus level L, (and the shiftAC, used laterwere calcu- @ :
:

|

lated for each ratio as illustrated, and averaged over the three

f,/f, ratios. .
The results in Fig. 3 can now be replotted in Fig. 5, with 01 ~40 20 0 40 20

the stimulus level at each, frequency now plotted relative Stimulus level (L, dB re: L,)

to its crossover level., , determined for that animal arfg

frequency. The. estimated “threshold” crossover Ieyels for 2F1G. 5. Individual data: Round trip signal delay is plotted as a function of

kHz changed little between the 15 and 30 dab animals. Thigelative stimulus level. This is the same data as in Fig. 3, but now the

lack of improvement with age can be attributed to the operstimulus levels are plotted relative to the active—passive transition levels,

i ; . i Ly. These were determined for each animal at e&glirequency using
bulla condition of these experiments: In closed bulla condi growth function plots as illustrated in Fig. 4. The estimated valuds, afre

tion_s, the Smf”‘”er bulla of younger animals typically CaUS€Shown, in parentheses, fés=2 and 8 kHz. The vertical dashed lines simply
an increase in the threshold measutg, for frequencies note the relative levels 20 and 30 dB belby.
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and equal to ifi.e., betweerL;=L,—10 dB andL;=L,). It 5

seems likely, therefore, that the rapid variation observed was f, = 2 kHz (A) L'1 =L,-30dB
associated with the transition between “active” and “pas- \, L
sive” responses. That is, the rapid variation could be attrib- N Sl . —
uted to a phase interaction between these two components. R T

This interpretation was further supported by the observation 1}
that, among individual animals of the same age, the rapid
variation always occurred near the transition lelgl but \f<> - —
the form varied, sometimes dominated by a very sharp mini- 16 kHz o
mum, and at other times there was a more moderate maxi- 32kHz
mum (i.e., like that shown in Figs. 3 and.5
It seems obvious that, to study the developmental varia- 48 kHz
tion of the signal delay in the normahctive cochlea, this 0.1 L L . L L L

active—passive transition region should be avoided. For this 20 Age (days af?gr birth) 40
report, we have therefore chosen to report results in signal 5 .

delay primarily for the stimulus level which is 30 dB below (B) Li=Lx-30dB
L, . This level is far enough from the active—passive transi- __ '\\ Age =

tion that it seems little affected by it, yet the stimulus level is
typically still high enough to yield adequate signal to noise
ratios. The level 20 dB below, would work as well; we
have made all the calculations presented below for this cas
as well, and the results are virtually identical.

In Fig. 6(A) and (B) we present the variation with age
for the mean signal delay, measured at the stimulus level®
estimated to be “constant” in the cochlea. That is, for each

—_
T

sign&® delay (ms

individual animal the signal delay was estimated at a stimu- 2g dab

lus level 30 dB below the crossover level, as in Fig. 6. 0.1 et E——
i 1 5 T

The estimated delays were then averaged across animals (C) L,= 50 dB SPL

within an age group. For comparison, in FigCh we present

the mean delays measured at a constant stimulus level as
measured in the ear canal, in this caselfgiK L,=50x40

dB SPL.

The overall trend is obvious: there was a modest de-
crease in signal delay between 15 and 20 dab, aft,dle-
guencies. The decrease was not as large, however, when
comparison was made with stimulus levels at a constant off-
set to characteristic levels in the coch[&dg. 6(A) and(B)]
compared to delays measured at the same absolute levels in
the ear canal[Fig. 6(C)]. The reason is that theelative
stimulus levels corresponded to higher ear canal stimulus 1
levels in the younger animals than the oldexcept at 2 kHz
where there was little change with agblote that there were
no measurable emissions available for stimulus levels of 5@iG. 6. Group data, giving the variation with age of the mean signal delay.
dB SPL for younger animals at higher frequencies, becausears indicate standard error of the medA) Delay estimated for each

; ; ; : individual at the stimulus level,; which was 30 dB below the active—
of the increase in passive threshéMills et al, 1994. passive levell,, for that individual, and then averaged. The parameter is

Note also in Fig. 6A) that there was an interesting mini- the stimulus frequencyt,. The dashed line shows thiifferencein the
mum in the derived signal delay that occurred early in de-mean delay between that fés=2 kHz and that forf,=8 kHz. (B) Same
velopment for mosIf2 frequencies. This minimum was ob- data agA), plotted to show the variation with, frequency, with age as the

d fi 2 kH b 17 dab d th 8 kH arameter in days after birfdab. (C) Mean delay measured at the stimulus
served first at Z., at about ab, and then at Z gLy L,=50 dB SPL, for all frequencies and ages. Note that emission am-
about 20 dab, and finally at 32 kHz at about 25 dab. In alllitudes for higher frequencies at this stimulus level were not above the
cases, the minimum occurred several days to a week after thgise floor in the younger animals.
emissions first become measurable at the corresponding fre-
guency. . . . '

The dashed line in Fig.(8) displays the difference be- B- Va“at"f’” of amplitude with  £,/f: The “filter
tween the mean signal delay for stimulus frequerigy:2 response for active emissions

1 ! P T T A A | I 1 T T T T I §

10
Stimulus frequency (f,, kHz)

kHz and that forf,=8 kHz. This difference is obviously Measurements were made of the normal, pre-injection
dominated by the variations in the signal delay fg.=2  emission amplitudes as a function of stimulus frequency ra-
kHz. tio for fixed frequencyf, of 2, 8, 16, and 32 kHz. Typical
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FIG. 7. Variation of cubic distortion tong€CDT, 2f;—f,) emission as a function of stimulus frequency ratig/{,), for individual animals at three different

ages. The parameter listed is the stimulus lelkg|,in dB SPL. For all data, the higher-frequency stimulus lekgl,was 10 dB belowL ;. For clarity, only

results for stimulus levels for;=50 to L;=80 dB SPL are shown, and the extremes are shown in heavier lines. The line in each panel which is dashed
indicates the emission for the stimulus level which falls between 20 and 30 dB below the active—passive transitibp,|dedrated in Fig. 4.

results are presented for the CDT emission for three indiaxis employs themission frequencidse: f,) rather than the
vidual animals in Fig. 7. For clarity, only the emission dis- stimulus frequency ratio. This is done to better compare
tributions for stimulus levels fronh;=50 to 80 dB SPL are these two odd-order terms, because it is well known that at
shown. least some of the peaks in the odd-order emission amplitudes
Over the frequency ratio covered, there were often twacoincide when plotted against emission frequency, rather
main peaks in the emission amplitude. There was no obvithan against stimulus frequen¢grown and Gaskill, 1990b;
ous, consistent trend for the emission amplitude to “flatten” Fahey and Allen, 1986; Gaskill and Brown, 19900 obtain
with increasing stimulus level, i.e., the amplitude did notthe mean filter responses, individual filter functions were first
tend to become constant with frequency ratio at high stimudefined by normalizing the emission components of each in-
lus levels. There also was no consistent change with stimuludividual animal to the maximum values occurring in the in-
level for the frequency ratios associated with the amplitudeerval observed. The normalized values were then averaged
maxima, i.e., the “peak center frequency.” over the age group, and the mean results presented in Fig. 8.
This “filter” behavior is examined more closely in Fig. For comparison between different ages, at each age we
8, where the mean CDT (2 —f,) and fifth order ampli- present only the emission distribution for one stimulus level
tudes (3F,—2f,) are presented. For this plot, the horizontal pair, choosing in each case the stimulus level falling between
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FIG. 8. A, B. Group data. Mean “filter” responses for emissions &2 f, and 3, —2 f,: Variation of emission amplitude when stimulus frequency ratio

is changed, for the stimulus levels; XL, dB SPL listed in the lower part of each panel. Stimulus leve|swere chosen which were between 20 and 30

dB below the mean active—passive leug], for that age group(See Fig. 5.In each panel, the vertical axis is the respofiselB) relative to the maximum

emission. That is, individual amplitude responses were normalized to the maximum response for each animal over the measured frequency interval at a given
f,, before averaging over the age group. The 0-dB reference levels are indicated: note the emissign Bof,3s displaced 10 dB below & —f, for

clarity. The horizontal axis is themissiorfrequency relative to th&, frequency, not the stimulus frequency ratio as in Fig. 7. For the-2f, emission, the

horizontal axis is chosen to be equivalent to that for Fig. 7; note, howeverdiffertent values off,/f, are associated with the responses f6{-32 f,

compared to Z,—f, at the same position on the horizontal axis. Vertical bars represent standard errors of the mean. For reference, the horizontal bars in the
row for the 30 day after birtlidab) animals indicate the frequency range which was employed to determine the signal (fafsages from the phase

change of the 2, —f, emission, at approximately the same stimulus levels, in the previous section.
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FIG. 8. (Continued)

the mean values fdt.,—30 dB) and(L,—20 dB) for the age  this presentation. The higher order termf,;32f,, had
group. That is, we display in Fig. 8 approximately the samepeaks at exactly the samamissionfrequencies as did the
stimulus levels that were used in estimates of signal delays iBybic term, 2f,—f,. Further, at the stimulus levels chosen,
the previous section, so that these amplitude results can simiere was generally only one primary peak in theanemis-
larly be considered characteristic of active processes. Thggn for the adult animals. This primary peak location and

stimulus level pairs chosen are listed at the bottom of eacghape was typically very consistent from animal to animal in

panel. The horizontal bar in the lowest panels indicates fo[,j1 iven age aroun. This is evidenced by the very small vari-
reference the frequency ratios which were employed to ob- 9 ge group. y y

tain the signal delay information from the CDT emission in ances typically found around the peak values. Note that if the

the first section, for all age groups. The upper, heavier line ifiormalized mean amplitude at the primary peak was 0 dB,
each panel denotes thef 2- f, component. The lighter line 1-€., exactly equal to the reference level with zero variance, it
is the 3fl—2f2 component, with its zero reference shifted means that the maximum amplitude occurred at the same

10 dB downward for clarity. emission frequency foeveryanimal in that group. Many of
The “second filter” effect is dramatically displayed in the mean primary peak values were equal to or very close to
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0 dB, illustrating the remarkable consistency of the fre- T
guency of maximum emission within each age group. The
“center frequency” of the primary pealfrequency of emis-

sion maximum was close to 05, for all f, frequencies,
except forf,=2 kHz.

Developmentally, there was no significant change in the
mean center frequencies for these emission peaks across age
groups from 15 dab to 30 dab. There was also no obvious
trend for the peaks to become sharper as the animal matured.

In addition to these peaks, there were other peaks ob-
served at most ages. These other peaks were most obvious
for stimulus frequencies above 2 kHz, where they were typi-
cally found with emission frequencies of ®56to 0.7,.
These peaks were often relatively stronger at younger ages,
frequently strong enough to be the dominant peak.

The mean results fof,=8 kHz were more complex.
There was an apparent broad maximum at 15 dab, which
became quite sharp at 17 dab, but then broadened again at 20
dab, only to change again into a sharp peak at 25 dab. The
emission frequency at the maximum amplitude also appeared
to change with age in a complex manner. Figure 9 presents
the individual observations which made up these mean dis-
tributions, for more detailed analysis.

The individual distributions show that the broad peaks in
the mean data could generally be considered to consist of the
combination of two close, partly “resolved” peaks, rather
than a single broad peak. These typically consisted of a
single peak at an emission frequency off@,5and another
peak at about 0f6. At most ages, the first peak was the
dominant one. At 20 dab, however, the first peak appeared to
be relatively and absolutely weaker than at other ages, to the
extent that it was not detectable in comparison to the second
peak in three of the six animals in this age group. At 25 dab,
all of the animals had very similar amplitude distributions,
having a single sharp maximum at aboutf@.5There were
at least some animals in every age group with a peak of
similar sharpness occurring at nearly the same frequency
(0.5f,). The exception was the youngest age: At 15 dab, no
single animal had a peak that sharp, although most animals
did have a peak with a relative maximum at an emission
frequency near 0f5.

The overall behavior of the peak responses are summa-
rized in schematic form in Fig. 10. Here, we include the [ §
mean peak frequencies, relative amplitudes, and peak widths 04 05 06 07 08 08

CDT emission amplitude (dB SPL)

|
|
|
I
i
I
1

1 1

for all animals in this study. Each panel represents one Emission frequency re: t,
stimulus frequencyf,, in which the age of the animal in- .

creases downward. The frequencies at maximum amplitudgig. 9. individual responses for all animals in each age groupt fer8
have been determined for individual responses and then akHz. The stimulus levels chosen were the same as Fig.e§ L, was
eraged over each age group. The “center” frequency varibetween 20 and _30 dB be!ow_x)_and are indicated in each pgr(bllx L2',
ances were quite small, typically about OXQLThe refative (2SO S, some i respnses s emplaszed oy vt
mean peak amplitudes, essentially the same as in Fig. 8, are

indicated by the size of the symbol at the peak frequency

(see key. The horizontal bars represent the widths of theused to obtain the means shown. The stimulus levels were
peak, measured 10 dB below the peak maximum. Because tiie same as in Fig. 8, that is, between 20 and 30 dB below
the interference in the response caused by neighboring pealtse crossover level.,, .

(e.g., Fig. 9 the two “half-widths,” i.e., the distances from There was a consistent developmental trend fior2

the emission frequency at maximum amplitude to the frekHz. There was one prominent peak at relatively low emis-
guencies where the emission was 10 dB lower, were detesion frequencies, which shifted to even lower emission fre-
mined for each individual peak. Themallerhalf-width was  quencies as the animals matured. The peak width, however,
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C. Relationship of active and passive emissions

20F 1 . . . i
f,= 48 kHz Passive emissions are operationally defined as those
25} ———— emissions measured at the time of maximum furosemide ef-
Half width at —\_._ fect, when the endocochlear potential has been substantially
3ok elow peak —— o J . .
reduced(Mills et al, 1994; Mills and Rubel, 1994 These
15+ Rel. poak 1 passive emissions are almost always weaker toarequal
ampl. (dB) iSSi i
ok . | to) the normal_ em|53|0_néa:g., see Fig. ¥and can only be _
32 |®@0tw-2 measured during a brief time. The measurement of passive
25| KHZ PG —— —— emissions is therefore more difficult than for the active emis-
o -1110-15 sions. In particular, in this experiment, for the younger ani-
30} —— —— 1 ; eai
mals the passive emissions were generally so weak that the
15} 1 i -
= ° pr.ogrammable filter had to be gmpl_oyed,_ to reduce the am
S ot ° ] plitude of the much stronger primaries prior to A/D conver-
= |16 sion (see Sec.)l This resulted in the loss of accurate phase
E 2 | kHz —— . information for the passive emissions from the younger ani-
[ . .
] . _ mals, so that the passive signal delays could not generally be
E %0 Maturation - calculated. Further, even with the additional filtering often
2 5 ’. d i only the passive emissions near the maximum amplitade
20l ° ° i a function of stimulus ratipcould be adequately measured.
8 kHz While there was enough information available on all animals
251 — . to estimate cochlear amplifier gains and active—passive
% stimulus leveldas in Fig. 4, there was only sufficient infor-
- — E . . . L
mation to adequately characterize the passive emission am-
15r ° .‘ 7] plitude distribution and the signal delay for several indi-
20k Py i vidual, mostly older animals.
2 kHz The question naturally arose, in seeing the sharp peaks
25 ® . 1 in the active emission&-ig. 8), whether the same peaks oc-
_ curred in the passive, post-injection response at similar
30 * . 1 . o i
o L = L = ' Y, . e stimulus levels. This might already be concluded, since we

have already showr(1) that the emissions at high stimulus
levels are typically little changed by furosemide intoxication
(Fig. 4), i.e., the pre-injection and passive emissions have the
FIG. 10. A schematic illustrating the development of mean peak amplitudessame distribution at high stimulus levels; af®) there is

center frequencies, and half widths. Center frequencies of each peak WelRtle change in the pre-injection emission amplitude distribu-
determined for the individual responses, and averaged to obtain the mean

peak frequencies shown. The relative mean amplitude of each peak wiéo_n comparing high and low stlmulgs I_eve@§|g. 7) One
determined from Fig. 8, and is denoted by the size of the symbol, accordingnight also like to compare the two distributions directly, by

to the key. The horizontal bars are not the variances of the center frequerzomparing the pre-injection emissions at low stimulus levels

cies, which were much smaller. Rather, the bars represent the width of the . “ N At feci
amplitude response at the point 10 dB down from the maximum. StrictlyrjﬁlIth the “passive,” post-injection emissions at the same

since the peaks were usually asymmetrical, often because one side ngimu_lus levels, i.e., 20-30 _dB belfjW(_- This is n_Ot strictly
obscured by the presence of a neighboring peak,sthaller of the two  possible, because the passive emissions are simply not mea-

estima:]ecljlc thL W\;Stgsr] of each ingividu?l peak v;/aﬁ usedkto l;)btain thehsurable at these stimulus Ieve{Esg., Fig. 4 As a compro-
gzsgnsae vygsttosc.) anlEusse?erJ;ﬁtjfseogvrnb;rs:\r%%;ertniigﬁﬁof{ngegsslf:t Fnlr!se., in Fig. 11 we have compared the active, pre-injection
emissions at low stimulus levels for several individual ani-
mals to the post-injection, passive emissions measured in
changed little during this time. There was also a secondargach individualat a stimulus level 30 dB higher
peak at about 0.6Q which appeared as the animals matured. Using the established slope of 2:1 for the passive emis-
It should be noted that this peak could have been “present’sions, the passive amplitude distribution was then shifted
earlier, but obscured by the much stronger, lower-frequencgownward by 60 dB, so that it would represent the amplitude
peak. expected at theamestimulus level as the active emissions
For higher frequencies, there was no general trend note@Mills et al, 1994; Mills and Rubel, 1996 The amplitude
in the variation of peak frequencies or widths with develop-scales of the active and passive emissions are given on the
ment. Forf,=8 kHz, for example, there was a prominent left and right sides of Fig. 11, respectively. The scales have
peak near 0.5 at all ages. Neither the center frequency norbeen set so that the active and passive emissions would over-
the peak width changed consistently with age. Similar resultfap in these panelg the difference between the active and
hold for f,=16 kHz, which had a very sharp, stable peak atpassive emission amplitudes at the same stimulus level was
0.56f, at all ages, and fof,=32 kHz, which consistently 40 dB. For the stimulus levels we are considering here, this
had two peaks near 0.6pand 0.70,. The observed peaks would generally occur if the shithAC was 40 dB(Fig. 4).
could be quite sharp, with half widths at the 10-dB level as  Itis clear from Fig. 11 that the major peaks observed in
small as 0.04,. the active emissiongas a function of stimulus frequency

Emission frequency (re: f,)
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FIG. 12. Comparison of signal delay pre- and post-injection for an indi-

vidual 30 dab animal. The parameter listed is fhefrequency. The pre-

injection data are shown in filled symbols and solid lines, the post-injection

in open symbols and light lines. Note that the symbolsffofrequencies of

(95-1643) 8 and 32 kHz at a stimulus level of 80 dB SPL are displaced slightly in the
! horizontal direction so that they do not overlap.

Active emission amplitude (dB SPL)

—
o

Passive emission amplitude (dB SPL

20 - 4 -20 was made inoperative by furosemide, the entire emission am-

plitude pattern shifted downward. The amount of shift in

4 -30 amplitude was approximately the same at all stimulus fre-

(95-1623) quency ratios, and was equal to the shifiC, at thatf,

1 1 1 frequency.

0.3 - 05 0.7 0.9 Finally, Fig. 12 displays the signal delay found as a
Emission frequency re: f, function of frequency for a typical young adult animal. The

pre-injection results are shown in solid lines and filled-in
. . e . symbols, with the post-injection delays shown in shaded
FIG. 11. Comparison of active and passive “filter” responses for individual

animals atf,=8 kHz. For the active responses at each age, the stimulué,Ines and open Symb0|s' L .
levels were the same as that in Figs. 8 and 11, i.e., Wexel ,=60x50 dB As noted earlier, the pre-injection signal delays gener-
SPL for the 17 dab animal, and @0 dB SPL for the others. The passive ally decreased as the amplitude increased. That is, the delays

responses were obtained at the time of maximum furosemide effect, at thﬁssociated with the active procedse normal emissions at

stimulus level 30 dB higher than that for the active response. The passwffg . | | | | h h f d hiah
responses were then extrapolated down to the same stimulus level as t w stimulus levels were larger than those found at higher

active, using the established 2:1 slope, i.e., 60 dB was subtracted from tetimulus levels. The signal delays for the pre-injection high

observed amplitude. The scales for the active and passive amplitudes ajgye]| emissions, on the other hand, were very similar to the

different, and are on the left and right sides, respectively. The scales We;Bassive emissions as defined here. The signal delavs for the

set so that, if the data points overlapped, the active emission amplitude wds S . . : g Y .

40 dB more than the passive amplitu@e., if the active and passive points POSt-INjection, passive emissions, on the other he_md, F:hd not

overlappedA,=40 dB). appear to change consistently with a change in stimulus
level, at least over the relatively limited range over which the
passive emissions could actually be measured.

were typically found in the passive, post-injection emissions

as yvell. There was somgtlme§ a.mo.dest'dlffere.nce betweqn_ SUMMARY OF RESULTS

active and passive emission distributions in takative peak

amplitudes noted in individual animals. For example, in the  The response of the cochlea as a function of stimulus

17 dab animal, the peak at higher frequendias0.62f,)  frequency ratio {,/f,) is complex; it is complex at a given

was relatively larger for the active emission than for the pasdevelopmental age and the response changes with age in a

sive. This is probably related to the similar shift in the rela-complex, often counterintuitive manner. The complexity ap-

tive amplitudes of the peaks of the normal emission as lies both to changes in phase angle, including the derived

function of stimulus levelFig. 7). signal delay for a narrow range of stimulus frequency ratios,

Data such as that in Fig. 11 lead to the following con-and to changes in amplitude, including the observed multiple
clusion: For low stimulus levels, when the cochlear amplifierpeak structure. Because of this complexity, it seems useful

10
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here to summarize the data obtained in this study. The goahe center frequencies of individual peaks are quite stable,

here is to provide dentativesummary of the most salient but there may be a modest tendency for the relative ampli-

features of the results to date. Obviously, many of thesdéudes of the peaks to change with age. That is, the most

trends require confirmation. prominent peaks in the younger animals tend to be those at
(1) The active and passive emissions have essentially thieigher frequenciegloserf, andf, frequencies while those

same signal delay and amplitude response as a function i adult animals tend to be those at the mid-frequencies

f,/f, (Figs. 11 and 1R That is, the normal signal delay (emission frequencies equal to 0f500 0.6(f,). There are

measured at high stimulus levels is about the same as thap consistent developmental trends in the peak center fre-

measured at the same high levels when the cochlear amplifigiuencies or peak widths themselv&sg. 10.

is temporarily nonfunctional. Further, the passive amplitude/  (10) Overall, except for the changes noted at 2 kHz, the

filter response is similar in form to the active filter responsecochlea appears essentially mature near hearing onset in the

at all stimulus levels. In other words, when furosemide ischaracteristics which account for the variation of amplitude

injected, the emission amplitudes for low stimulus levelsand phase with stimulus frequency ratio.

shift downward by approximately the same amount, rela-

tiyely independent_of stim_ulus frequ_ency ratiq. However, theIV_ DISCUSSION

signal delay associated with the active respdnse the nor-

mal delay at low stimulus levelds higher than that associ- A. Decrease in signal delay with stimulus intensity

ated with the pa_ssivg or active responsgshigh stimulgs From simple arguments, the largest component of the
levels. The passive signal delay at low stimulus levels is notypserved signal delay for distortion product emissions in the
measurable. mammalian cochlea is likely to be phase buildup in the in-

(2) At a given age, the signal delay of active emissionsyging traveling wave associated with the stimul@&gger-
typically decreases with increasing stimulus level, except fo"mont, 1979; Mahoney and Kemp, 199%ur observation
a complex response at high stimulus lew#gs. 3 and 12 that the relative signal delays change very little with devel-

(3) This complex response is associated with the activeppment(Fig. 6) implies that the cochlear amplifier is mature
passive transitioiiFigs. 4 and % It seems useful to compare n this respect even at early ages. The phase changes due to
responses at different frequencies and ages not on the bag'ﬁace code shifts are presumed to be comparatively small,
of the absolute stimulus levels, but on the basis of the stimugnd so not detected in these measurements.
lus levelsrelative to the active—passive transition level,. It is well known that the signal delay, calculated by Eq.
The comparison seems valid for both phase and amplituder) from the observed phase changes, decreases with increas-
responses. To study active emission characteristics, reng stimulus intensity(Brown and Kemp, 1985 The ob-
sponses for stimuli well below the active—passive transitionserved behavior apparently follows from two simple assump-
should be compared. tions:

(4) At all frequencies, the derived signal delay typically (1) The cochlear amplifier reaches nonlinear levels even
decrease®nly slightly during maturation. However, there is for generally small stimulus levels. For typical mammalian
an interesting relative minimum in signal delay which oc-ears, the saturation of the cochlear amplifier begins to pro-
curs, first at lower frequencies and subsequently at higheduce signal compression at such low signal levels that the
frequenciegFig. 6(A)]. existence of a linear regime cannot easily be established

(5) The changes in signal delay with development argBrown, 1993; Goldstein, 1967
relatively small and complex. Depending on the observed (2) The dominant odd-order emissions are generated in
frequencies and age groups, increases or decreases coulddieas where the cochlear amplifier operation has become
measuredFig. 6B)]. In terms of its signal delay character- nonlinear. This assumption rests on the idea that the nonlin-
istics, the cochlea in gerbils seems essentially mature neafar mechanism which produces the emission is intrinsically
hearing onset. related to, or is the same as, the nonlinear mechanism which

(6) The difference in signal delay between low and highcauses the saturation. This idea has support in measurements
frequencies appears to be dominated by intrinsic changes inhich show that the vulnerable odd-order emissions are in-
the larger, low-frequency deld¥ig. 6(A)]. trinsically tied to the mechanisms which produce amplifica-

(7) The structure in the amplitude responses, as a fundion and sharp tuning at low stimulus levelRubsamen
tion of stimulus frequency, changes little with stimulus levelet al, 1995. This assumption is further based on the simple
at any agdFig. 7). This includes the peak center frequencies,idea that the dominant distortion will be produced where the
which are essentially unchanged with stimulus level. Theesponse amplitude is sufficient to involve nonlinear me-
peaks can be quite sharp, with mean half widths at 10 dRhanics.
below the peak as small as 0fQ4 The traveling wave phase buildup is very rapid as the

(8) At all ages, the responses of the CDT dt2-f, and  peak of emission is reache@Robleset al, 1986; Zweig,
the fifth order term at 8,—2 f,, are very similar when plot- 1991). As the stimulus level increases, the cochlear amplifier
ted as a function of themissionfrequency(Fig. 8. The saturation begins to occur more and more baddibhnstone
most prominent peak in adult animals is usually at an emiset al,, 1986. If the centroid of the emission generation area
sion frequency between G.5and 0.6,. moves even slightly basally with increasing stimulus levels,

(9) For f,=2 kHz, the center frequency of the most this effect could easily cause a reduction in the apparent
prominent peak decreases with age. At higher frequenciesignal delay with increasing stimulus intensity.
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B. Interpretation of development of signal delay the signal delay very much. We conclude that, in gerbils at
characteristics least, the place code shift cannot be determined by measure-
d ment of the signal delay characteristics. In addition, we con-

For these measurements, the frequehcwyas fixed an ; ) X
the frequencyf, varied. The argument for this approach is clude that from the onset of hearing to adulthood in gerbils,
there are relatively small changes in the cochlear properties

that the location of the site of emission generation in the

cochlea, at least for weak stimuli, is believed to be near thé(vhich are responsible for the signal delay characteristics. In
f, place (Brown and Kemp, 1984; Kummeet al, 1995 contrast, there are other characteristics of the cochlea and

Martin et al, 1987. That is, the emission originates near the €ochiear amplifier which change considerably during the

location on the BM where a single weak tone of frequeficy Samfgré%r.i%sSer$za$, 1989(; Rlugt;ezl,. \1/\? 78If Rugi\l, and Ifg84
would have a maximum response. There is then some ho S , Walsh and komand, » Woolt and Ryan, '

that varyingf, while fixing f, would leave the physical site oolf et al, 1986; Yancey and Dallos, 1985
of generation approximately unchanged, allowing for a sim-

pler interpretation of the phase changédahoney and C. Emission amplitude response as a function of
Kemp, 19935. stimulus frequency ratio

Even for constant stimulus levels afigifrequency, the We have described an amplitude response in gerbils
derived signal delay depends somewhat on the frequenGyjith multiple maxima at emission frequencies of (5@
ratio. For practical and theoretical reasons, it has been usugl7s, | at f, frequencies of 8 kHz and highéFigs. 8 and
to determine the signal delay for a small range of stimulusiz)_ The relative amplitudes of the peaks seem to change
frequency ratios which span the ratio where the emissioRith stimulus level and with development. However, the
amplitude is a maximum. For this report, we chose a singl§yigths and center frequencies of the peaks seem quite stable,
range in stimulus frequency ratio which was a compromisepgth with stimulus levelFig. 7) and with age(Figs. 8 and
approximately spanning the CDT emission maximum as ). |n contrast, Brown and colleagues have proposed that
function of f,. Other possibilities exist. We could, for ex- there is a single important amplitude maximum, which oc-
ample, have changed the frequency ratio for edghand  cyrs when the emission frequency is a half-octave belgw
even for each age. This seems like a needless complicatione_, when the emission frequency is aboutf@.7Brown,
which could potentially confuse the interpretation. In any1987: Brown and Gaskill, 1990a, b: Browet al, 1992,
case, the center frequencies of the peaks turned out to b&g3: Brown and Kemp, 1985; A. M. Browet al, 1994;
insensitive to age. . Brown and Williams, 1993; Gaskill and Brown, 1990 he

Using either the phase delay at constant stimulus levelgiimylus levels usually employed in their recent measure-
in the ear canaFig. 6C)] or at a constant level below the ments areL; X L,=55x40 dB SPL, and they note that the
active—passive transition levifig. 7(A) and(B)], we found  hgjf-octave relationship is “lost” if highet., levels are al-

a modest decrease in signal delay with age. Such a decreaﬁg,\,ed' but only for 2f,—f, (Brown and Williams, 1998
found in human infants, was used to suggest that there wagile some of our gerbil data would fit with the half octave
no shift of the place code after this afgrownet al, 1994.  proposal, clearly most of our observed responses are more
However, this conclusion does not appear to be justified bY:ompIicated. For example, peaks at an emission frequency a
these results, for the following reasons. In gerbil, the shift ing|| octave belowf, are found frequently and prominently, as
the place code for mid- and high frequencies appears to bgel| as peaks near 0.69 These differences appear real, and
primarily due to a shift in the passive cochlear responsegeem relatively unchanged as a function of stimulus ampli-
associated with a shift in the passive base cutoff frequency,ge. We certainly find these peaks foyx L,=50x40 dB
(Mills et al,, 1994. The place code shift merely moves the SPL, for example.

place on the BM where the cochlear amplifier begins to re-  gome of the differences between our results and those of
spond at a given frequency. The phase buildup associatesiown’s group may be species differences, in that the ma-
with the passive, linear response of the incoming stimulusority of the data supporting their conclusions are drawn
up to the point where the cochlear amplifier starts to re-from humans and guinea pigs. In contrast, their gerbil obser-
spond is estimated to be relatively small compared to the\/ations(Brown and Kemp, 1985, Fig.)ido show forf,=4
phase buildup associated with the cochlear ampliigger- Hz a prominent peak located at about 0f62 which per-
mont, 1979; Zweig, 1991 Therefore, it is expected that de- gjsis at high stimulus levels and is joined by a lower-
velopmental changes in the cochlear amplifier itself Wouldfrequency peak. Further, a close examination of their human
dominate signal delay changes, masking any effects due ¥ata shows that there often appear to be multiple peaks, in-
place code shifts. cluding peaks at frequencies lower than a half octave below

This expectation appears to be supported by the daif, (although not as low as a full octave belowvhile it is a
found for the gerbil. After normalizing the stimulus levels to ysefyl first approximation, therefore, the observed emission
the active—passive transition, there was very little change i'&mplitude responses appear to be more complicated than the

known that there are significant changes in the place code in

the base of the gerbil cochléArjmand et al., 1988; Harris
and Dallos, 1984; Millet al., 1994; Mills and Rubel, 1996
Unless there were fortuitous, and unlikely, compensating  The structure in the amplitude response has been inter-
changes, the known place code changes cannot have affecteeted as evidence in favor of a “second filter” in the co-

D. The interpretation of the amplitude response
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chlea (Allen and Fahey, 1993a, b; Brown and Williams, is different from the “threshold microstructure” which is
1993. The general idea is that distortion forces are generatedell known in humange.g., Long and Tubis, 1988a),land
in the outer hair cell§OHCS. In this model, the force gen- the fine structure in distortion product emissions recently
eration is presumed to be relatively insensitive to stimuluglemonstrated in humandle and Schmiedt, 1993 Com-
frequency ratio, that is, insensitive on the scale of the amplipared to the structure noted here, the threshold microstruc-
tude structure, which involves changesfifif, of 0.10 or  ture and emission fine structure both have a generally finer
less. At low stimulus levels, the maximum of distortion gen-scale, are much more variable between individuals, and gen-
eration is assumed to occur in the OHCs located neaf the erally disappear with increasing stimulus level.
place. To be observed in the ear canal, these distortion forces In contrast to the stable location in relative frequency of
must be translated into BM motion. It is in this translation the amplitude peaks, mammals seem to have some variation
that the emissions are assumed filtered by the micromecharii the “envelope” of the amplitude response as a function of
cal structure of the cochlea. One specific model has sugage and frequency. That is, there is a variation in relative
gested that the filtering occurs in the tectorial membrane-peak amplitudes with age. This variation may be related to
outer hair cell stereocila system, which causes a “shortthe fact that an upper stimulus level limit for measurement of
circuit” for distortion frequencies a half octave belofy ~ the “half octave” response in mammals has been reported
(Allen and Fahey, 1993a for 2 f,—f, (Brown and Gaskill, 1990a; Brown and Will-
This specific model now seems unlikely to be adequateiams, 1993, e.g., this effect could be due to another compo-
given recent results that show similar filtering in barn owls,nent becoming dominant as the stimulus level increases.
and in certain alligator lizards who do not even have a tecHere we suggest a modest change in relative peak amplitude
torial membrane in the relevant frequency rar@ashen- in gerbils with age, stimulus level, and frequency. However,
bergeret al, 1995. We may further note that the reported the envelope response seems of little practical use, since the
responses in these two very different species are remarkabgmission amplitude response is so strongly dominated by the
similar to each other, and fairly similar to those in the gerbilmultiple peak structure.
reported here. The shape of the amplitude response is insen- We have also found significant developmental changes
sitive to stimulus level for both barn owl and lizard, over the in the amplitude response at 2 kHz with age. This is in agree-
limited range reported. There are apparently multiple peakg1ent with earlier studies in gerbils, showing that the co-
in both' for the barn owl at emission frequencies of m250 Chlear amplifier in the apeX Continued to mature over these
and 0.66, for f,=7.9 kHz, and for the lizard at 0.43and  ages(Mills et al, 1994; Mills and Rubel, 1996
0.70f, for f,=4 kHz. The peak frequencies noted above for
the gerbil span these values. V. CONCLUSIONS
Hearing in the gerbil does not begin until 13-14 days (1) Caution is indicated in interpreting signal delays
after birth (dab, and the endocochlear potential does notfrom emission measurements. Because the variation of ob-
reach adult levels until after 20 dab. There are still structurakerved delay time depends strongly on stimulus level, a dif-
changes involving the tectorial membrane through the earlyerence in the intrinsic passive threshold can cause an appar-
period, as well as possible BM changes associated with thent change in signal delay. Conceptually, it makes more
place code shiftSchweitzeret al, 1996. Further, there are sense to base measurements on stimulus levels at a constant
significant changes in cochlear amplifier operation and basfvel relative to cochlear function, than relative to the ampli-
cutoff frequency through this perio@Mills etal, 1994; tude in the ear canal. The procedure used here, to normalize
Mills and Rubel, 1998 In contrast, we have found in this the stimulus levels to the active—passive crossover level, ap-
study that the center frequencies and widths of the peaks ipears promising but its validity remains to be independently
the emissions seem to be remarkably stable through most ektablished.
this developmental period. Further, both amplitude and phase (2) Even with this correction, the round trip signal delay
variations are generally theamefor the active processes and measured using distortion product emissions is not an ad-
the passive responses. This implies that, whatever the causguate method of estimating physical distances in the co-
of the “filtering” of the emissions seen here, it is insensitive chlea, e.g., the distance to the place where the traveling wave
to specific details of the developing micromechanical BMpeaks. Instead, the signal delay appears to depend primarily
structure. In short, the filtering itself does not appear to beon the phase buildup of the traveling wave to the region in
associated with the operation of the amplifier operation. Thehe cochlea where the emissions are generated. The consid-
generally increased overall amplitude of the emissions at loverable variation of the measured delay with stimulus ampli-
stimulus levels in mammals, of course, is directly attribut-tude (probably due to saturation effects in the cochlear am-
able to the cochlear amplifier operation. plifier) makes it impossible to accurately determine the
These results all argue that the structure in the emissionontribution of any other delays.
amplitude response is unlikely to be a useful indicator of the  (3) The presence of multiple peaks in the active emis-
tuning of the BM. Indeed, studies which have attempted tcsion is remarkably stable with age in both the emission fre-
directly relate structure to tuning have so far found little orquencies at the amplitude maxima and the peak half widths,
only moderately significant correlatioBrown et al.,, 1993. and is similar to that reported in birds and lizards. In contrast
The origin of the emission amplitude structure remains unto these nonmammalian species, there appears to be a modest
known. change in the relative magnitudes of the peaks in the
It also should be noted that the structure discussed her2f,—f, emission with stimulus intensity. Peaks at higher
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emission frequencie§.e., closer tof,) appear to be rela- Brown, A. M., and Gaskill, S. A(1990h. “Measurement of acoustic dis-
tively more prominent in younger animals. tortion reveals underlying similarities between human and rodent me-

e chanical responses,” J. Acoust. Soc. AB8, 840—849.
(4) The cochlear amphfler at the base of the COChIeaBrown A. M. pGaskill S. A, Carlyon, R. P., and Williams, D. N1993.

appears to be qujte matur? from the Onse_t qf h.earing, in the«acoustic distortion as a measure of frequency selectivity: Relation to
aspects responsible for signal delay. This is in agreementpsychophysical equivalent rectangular bandwidth,” J. Acoust. Soc. Am.
with earlier studies(Mills et al, 1994; Mills and Rubel,  93,3291-3297. ) .

1996, which found that the limitation on auditory function Brown A. M., and Kemp, D. T(1984. "Suppressibility of the Z, = f,

in the b f th hi t d f . turity in th stimulated acoustic emissions in gerbil and man,” Hear. R8s29-37.
In the base o € cochlea stemmed rom immaturity in eBrown, A. M., and Kemp, D. T(1985. “Intermodulation distortion in the

passive response. In contrast, significant development of co-cochlea: Could basal vibration be the major cause of round window CM
chlear amplifier function itself was noted féy frequencies distortion?” Hear. Res19, 191-198.

of 1-2 kHz. This delayed apical development is supported’o™ A- M., Gaskill, S. A., and Williams, D. M(1992. "Mechanical
filtering of sound in the inner ear,” Proc. R. Soc. London BigabQ,

by the larger changes observed here with age in the ampli-5q" 5,
tude structure at 2 kHz. Brown, A. M., and Williams, D. M.(1993. “A second filter in the co-
(5) There is an interesting minimum in the derived sig- chlea,” in Proceedings of the International Symposium on Biophysics of

nal velocity which occurs first at low frequencies, then later Hair Cell Sensory Systemedited by H. Duifhuis W. Horst, P. van Dijk,
and S. M. van NetteWorld Scientific, River Edge, NJpp. 72-77.
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emission first becomes measurable at that frequency. Thepetween neonate and adult cochlear mechanical responses,” Aud. Neuro-
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. L . wave delays estimated by distortion-product emissions in normal hearing
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