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Abstract 

Cochlear function was monitored in adult gerbils using distortion product otoacoustic emissions (DPOAE) during intraperi- 
toneal injection of furosemide. All stimulus parameters were varied independently over a wide range, the stimulus frequencies fl 
and f2 from 1 to 16 kHz, and the stimulus levels L 1 and L 2 from 20 to 80 dB SPL. The observed emissions at 2f 1 - f 2  and 
3f 1 - 2f 2 could be considered to be made up of two distinct components: (1) an 'active' source which depended in a complex way 
on the stimulus frequencies and levels, which was dominant at low and moderate stimulus levels, and which, by definition, was 
eliminated by sufficient furosemide intoxication; and (2) a 'passive' source which was essentially the same at all frequencies, with 
a level dependence given approximately by a simple power law distribution. The change from the active to the passive source was 
usually accompanied by an abrupt shift in emission phase angle. A simple summation model was shown to account for the 
observed form of this transition. The amount of the decrease in 2f 1 - f2 emission amplitude after furosemide injection was 
approximately independent of frequency and consistent for the middle frequency ratios and intensity levels (f2/fl-~ 1.3, 
L 1 × L 2 = 55 × 50 dB SPL). It was concluded that the combination of DPOAE with furosemide injection can usefully be 
employed as a probe of active cochlear mechanics. 
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I. Introduction 

Systemic injection of furosemide can be a useful 
manipulation for investigating cochlear auditory func- 
tion (e.g., Anderson and Kemp, 1979; Evans and Klinke, 
1982; Forge and Brown, 1982; Hubbard and Mountain, 
1990; Ruggero and Rich, 1991; Sewell, 1984). Furo- 
semide intoxication produces a rapid, reversible lower- 
ing of the endocochlear potential (EP) in mammals 
(e.g., Kusakari et al., 1978). The major functional effect 
noted is a reduction of the sharp peak of the basilar 
membrane (BM) motion at low stimulus amplitudes 
(Ruggero and Rich, 1991). It is believed that this 
reduction is caused by the decrease in driving voltage 
across the outer hair cell (OHC) transduction channels 
due to the EP decrease. This results in a decrease in 
the OHC function which is intrinsic to amplification of 

* Corresponding author. Fax: (206) 543-5152. 

0378-5955/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0378-5955(94)00061-T 

low level signals on the BM (Ashmore, 1987; review: 
Dallos, 1992). Thus, systemic injection of furosemide 
reversibly interrupts 'active' cochlear mechanics. Dis- 
tortion product otoacoustic emissions (DPOAE) can 
provide a non-invasive method of monitoring cochlear 
function (review: Probst et al., 1991). Therefore, the 
combination of D P O A E  analysis with furosemide in- 
jection (Kemp and Brown, 1984) can potentially pro- 
vide a very useful assay of active cochlear mechanics. 

Our initial studies (Mills et al., 1993a,b; Rubsamen 
et al., 1994) established that specific emissions at low 
stimulus levels were indeed vulnerable to an EP de- 
crease, and were highly correlated with auditory 
thresholds recorded simultaneously in the anteroven- 
tral cochlear nucleus. While emissions for a wide range 
of stimulus intensities were monitored, only one fre- 
quency combination was employed. The present study 
extends this work to cover a wide range of stimulus 
frequencies and frequency ratios. 

One primary goal of this study was to further delin- 
eate the generation of D P O A E  as a function of stimu- 
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lus parameters.  It has been suspected for some time 
that there were two different sources of DPOAE,  each 
evident under  different conditions, sometimes denoted 
'active'  and 'passive'  sources (Brown, 1987; Brown et 
al., 1989; Johnstone et al., 1990; Lonsbury-Martin et 
al., 1987; Norton and Rubel, 1990; Norton et al., 1991; 
Whitehead et al., 1990, 1992a,b). In our initial study 
(Mills et al., 1993a), we occasionally observed abrupt 
shifts in the phase of the vulnerable emissions near  
maximum D P O A E  amplitude decrease (see also 
Whitehead et al., 1992b). Such abrupt shifts may be 
due to the uncovering of an underlying component  
which has a different intrinsic phase. We therefore 
desired to study these shifts and related phenomena  in 
more detail. That  is, our goal was to establish the 
relationships of various possible components,  and their 
relative vulnerability to EP change, as a function of 
stimulus parameters.  

An additional goal was the investigation of the be- 
havior of active processes as a function of frequency, or 
place. Vulnerable D P O A E  are generally believed to be 
generated at or very near  the 'p lace '  corresponding to 
the higher stimulus frequency, that is, near  the location 
on the BM which would have a peak for a single, low 
intensity tone of that frequency (Kim et al., 1980; 
Martin et al., 1987). D P O A E  therefore have some 
advantages over other methods, such as direct basilar 
membrane  measurements  or eighth nerve studies, in 
that a wide range of frequencies can be monitored 
continuously and non-invasively. The interruption of 
the active process caused by furosemide injection of- 
fers a unique opportunity to observe the effect of a 
decrease of EP more or less simultaneously all along 
the BM. A related goal was therefore to establish a 
baseline of the D P O A E  response in the normal adult 
animal as a function of frequency, against which devel- 
opmental  changes or the effects of t rauma could be 
adequately compared.  

A potential  difficulty with D P O A E  measurements  is 
that a variation of parameters  can cause a change in 
the process of D P O A E  generation and transmission 
(e.g., Allen and Fahey, 1993; Brown and Williams, 
1993). The resulting change in emission can be difficult 
to differentiate from an actual change in intrinsic BM 
motion, i.e., a change in peak  sharpness associated 
with a single tone input. This study was therefore 
designed to provide guidance as to the parameter  
choices likely to give the most reliable information on 
the functioning of the active process itself. In the 
present  experiments, intraperitoneal (i.p.) injection of 
furosemide was used because of ease of administration 
and because it results in a slower EP change than 
intravenous administration (Mills et al., 1993a). This 
allowed us to simultaneously monitor a large number  
of parameters  as the EP was reduced and as it recov- 
ered. 

2. Materials and methods 

2.1. Animal preparation 

Adult gerbils (Meriones unguiculates) weighing 50-80 
g were obtained either from a commercial  supplier 
(Tumblebrook Farms, Brookfield, MA) or from breed- 
ing pairs in our colony originally obtained from the 
same source. All animal preparat ion and recording was 
performed in an I.A.C. double walled acoustic booth, 
maintained at 31-33°C. Animals were initially anes- 
thetized with an i.p. injection of a mixture of ketamine 
hydrochloride (Ketaset; 15 m g / k g )  and xylazine (Rom- 
pun; 5 mg/kg) .  A surgical depth of anesthesia was 
maintained by subcutaneous injections of the mixture 
(usually at 1 / 3  initial dosage) as needed. The pinna, 
surrounding skin and outer  portion of the external ear 
canal were removed unilaterally. Using an operating 
microscope, the external ear canal was checked for 
debris and the tympanic membrane  was inspected to 
insure that it was intact and clear. The bulla above the 
ear canal was exposed, and a 1 mm hole drilled in it. 
The tip of a small diameter, long tube (0.6 mm i.d. × 18 
cm) was force-fitted into the hole to provide for equal- 
ization of static pressure between the middle and outer 
ears. The animal was inserted into a custom head 
holder, and a thermocouple was inserted in the rec- 
tum; the core temperature  was maintained at 35-37°C. 
A microphone assembly (Etymotics ER-10B) was cou- 
pled to the ear canal with a short rubber tube (3 mm 
i.d. × 7 ram). 

2.2. System calibration, stimulus generation and emission 
recording 

The computer  system for generating the two probe 
tones and detecting emissions was the same as that 
described previously (Mills et al., 1993a). Briefly, the 
system employed synchronous detection of the output 
of an Etymotic ER-10B microphone, resulting in a 
noise floor of about - 20 dB SPL at a typical averaging 
time of 1 s. For the present  experiments, the two tones 
generated by the computer  (frequencies fl and f2) 
were sent to two Beyer DT-48 headphones fitted to 
custom reducers. Each signal was delivered to the ear 
canal through a small tube, which went completely 
through the Etymotic ER-10B microphone assembly 
into the rubber tube coupler, ending about 3 mm from 
the opening to the ear canal. Stimulus signal levels of a 
minimum of 80 dB SPL were obtained up to 18 kHz. 
Closed cavity tests showed detectable instrumental dis- 
tortion was at least 75 dB below the stimulus levels. 

An in situ microphone calibration system was added 
for the present experiments. When the Etymotic ER- 
10B microphone was first coupled to the ear canal (and 
at intervals thereafter  as required), a probe tube micro- 
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phone (Etymotic ER-7C) was connected temporarily to 
one of the small tubes leading through the ER-10B 
microphone assembly, in place of one of the transduc- 
ers. This tube was the one for which the ER-7C had 
been calibrated by the manufacturer.  The output of the 
ER-7C was fed to the second analog-digital input to 
the computer.  A wide band noise signal was delivered 
to the ear canal through the other small tube by the 
remaining transducer and both microphone outputs 
were fast Fourier t ransformed (FFT). A microphone 
correction table was generated on the computer  to 
correct the amplitude output of the ER-10B according 
to the output of the ER-7C. The ER-10B microphone 
output was then corrected in real time after each FFT  
by use of this table. This gave an absolute amplitude 
measurement  estimated to be correct to _+1 dB for 
frequencies up to 18 kHz, as measured at the end of 
the probe tube (i.e., 3 mm from the ear canal). 

It was not possible to similarly calibrate the ER-10B 
phase angle in situ, however, and the phase angle 
correction for the microphone correction table was 
instead established by comparing the ER-10B response 
to a 1/4" microphone (Buel & Kjer 2209) in a free-field 
test. While absolute phase measurements  are therefore 
not expected to be as accurate as the absolute ampli- 
tude determinations, changes in phase angle with 
furosemide injection attributable to instrumental ef- 
fects at any given pair of stimulus frequencies were 
generally found to be less than 10 degrees. 

For every measurement ,  averaging for the FFT  was 
begun after a delay of 50 ms, to avoid startup tran- 
sients. For each paramete r  choice, the microphone 
output was first averaged for 0.1 s. If  the measured 
amplitudes of the primaries deviated more than one 
dB from the programmed values, the a t tenuator  set- 
tings were corrected. The microphone signal was then 
averaged for a programmed length of time, usually 1 s. 
Ampli tude and phase of the FFT component  at the 
two stimulus frequencies and at the following distor- 
tion product frequencies were recorded for each stimu- 
lus presentation: 2f I - f2, the third order term usually 
known as the cubic distortion tone (CDT); 3f I - 2 f 2 ,  
the fifth order term having, like the CDT, an emission 
frequency below the two primaries; 2f 2 - f t ,  the third 
order term with an emission frequency above both 
primaries; and f2 - fl, the simple difference tone. 

quent measurements  began. Of  ten animals, only one 
animal was eliminated from the study. Its CDT ampli- 
tude continually fluctuated, and we subsequently found 
a small amount of fluid in the bulla equalization tube. 
After  the required baseline measurements  had been 
made,  a sequence of desired stimulus parameters  was 
started. Typically the sequence consisted of 50-100 
independent  stimulus combinations which varied in f~ 
and f2 frequencies, with stimulus amplitudes L 1 and L 2 
in the range 20 to 80 dB SPL. For this report,  the 
sequence always included a ' reference '  parameter  set- 
ting with f2 = 8 kHz, f z / f l  = 1.28, and L 1 X L 2 = 55 )< 
50 dB SPL. The sequence typically took a total time of 
2 to 3 min to run, and was repeated automatically. 
After  this paramete r  set had run for 10 to 15 min, a 
single intraperitoneal (i.p.) injection of furosemide 
(Abbott  Labs) was made, at a dosage of 75 to 100 
mg /kg .  The same paramete r  sequence was then con- 
tinuously monitored during the decrease of emissions 
and until there was a (nearly) complete recovery of 
emissions. A second furosemide injection was then 
sometimes given, or the animal was sacrificed by an 
injection of KC1 into cardiac muscle. In either case, the 
paramete r  sequence was followed for at least another  
hour. 

Control experiments, with saline substituted for 
furosemide, showed that the measurement  of normal 
emissions was quite stable with time under  the condi- 
tions of these experiments. For typical stimulus param- 
eters, the CDT amplitude varied less than 2 dB and the 
phase less than 10 degrees for several hours after the 
saline injection. Only for parameters  resulting in nor- 
mal emission amplitudes less than about 10 dB SPL, or 
near  regions containing 'notches '  (where there ap- 
peared to be two components  in approximate phase 
cancellation) did the observed variation exceed these 
limits. 

Procedures for the care and use of the animals 
reported on in this study were approved by the Univer- 
sity of Washington Animal Care Commit tee  (re: grant 
N I H  DC 00395, Ontogeny of sensory processes). 

3. Results 

3.1. Normal  emissions 

2.3. Procedures 

As soon as the animal's core tempera ture  was stabi- 
lized, baseline readings were taken for the CDT. Usu- 
ally, the parameters  chosen for the baseline observa- 
tions were f2 = 8 kHz, f z / f l  = 1.28, and stimulus am- 
plitudes L~ = L 2 stepped from 40 to 80 dB SPL. It was 
required that CDT emissions be of normal amplitude 
and constant within 1-2  dB for 15 min before subse- 

It  is most useful to begin by establishing the normal 
emission characteristics over the entire parameter  
space: first, to further examine the claim that these 
emissions appear  to be composed of two distinct 
sources; second, to obtain an adequate background to 
compare  the changes in emissions caused by furosemide 
injection; and third, as a guide to choosing the much 
more  limited set of parameters  which can be followed 
after any one furosemide injection. 
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A potential difficulty in representing the results is 
immediately obvious. Because DPOAE require two 
different input tones, there are a total of four inde- 
pendent  parameters which can be varied, the two fre- 
quencies fl and f2 and two amplitudes L 1 and L 2. To 
represent the normal response at each emission fre- 
quency requires a five-dimensional space. One possible 
approach to this rather difficult visualization problem 

is shown in Fig. 1. The basic unit of analysis is chosen 
to be a contour map of emission amplitudes, deter- 
mined by fixing both input frequencies and varying the 
input intensities independently over a two-dimensional 
grid of values. With a grid spacing of 5 dB for these 
maps, each map represents 143 measurements. 

The contour map with fixed fl and f2 frequencies 
(as seen in the individual panels of Fig. 1) was chosen 
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Fig. 1. A five-dimensional representat ion of the normal  (preinjection) variation of the cubic difference tone (CDT, 2f I - f2) emission with all 
significant parameters.  Each individual contour map presents  the contours of  equal emission intensity as a function of the two stimulus 
amplitudes, L~ on the horizontal axis from 30 to 80 dB SPL, and L 2 on the vertical axis from 10 to 80 dB SPL. Emission contours start at 0 dB 
SPL and increase in 5 dB steps. Measurements  for each contour map were made at 5 dB intervals in L 1 and L 2. The key illustrates the emissions 
resulting from a power law spectra, given by Eq. (1); the zero level is arbitrarily chosen to approximately match the power law component  
typically observed. The  changes in these contour maps  with the two input frequencies completes the specification; the f2 frequency is represented 
vertically from 2 to 16 kHz, and the ratio f 2 / f l  horizontally. Note that all scales are logarithmic. The  angle between the apparent  ridge line and 
the L 1 axis is noted for reference in several of  the individual contour  maps. 
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as the most basic unit of analysis for several reasons. 
The most important  property is that, because the fre- 
quencies for each map are fixed and the measuring 
system is linear, any changes in emission which occur 
with changes in L 1 and L 2 amplitudes must be due to 
the animal, and cannot be instrumental. At the sound 
levels and frequencies used, the middle ear reflexes are 
not likely to be stimulated (e.g., Avan et al., 1992), and 
the middle ear is expected to be linear. This means 
that changes in a given map are cochlear in origin. This 
display is also ideal for one of the purposes of the 
present  experiments, i.e., to examine changes which 
occur with stimulus intensity. For each basic map, 
contours of equal CDT amplitudes are shown at fixed 
logarithmic intervals, starting at 0 dB SPL (in order to 
be sufficiently above the noise floor at all frequencies). 
The axes for each contour map are also logarithmic, as 
noted in the key. 

A two-dimensional grid of such contour maps (Fig. 
1) completes the five-dimensional representat ion of the 
normal CDT emission amplitudes. The frequency axes 
for the grid of grids shown are also logarithmic, al- 
though the interval on the frequency ratio axis is smaller 
than the f2 frequency interval in the figure. 

For normal animals prior to furosemide injection, 
the results may be summarized as follows. While there 
were certainly gradual changes with frequency, there 
were no obvious abrupt changes. For many frequency 
combinations, there appeared  to be two distinct com- 
ponents in the response in the basic maps. One compo- 
nent had approximately a 'power  law' emission, i.e., 

emission amplitude at frequency I m f l  + nf21 ot Lr~L~ 

(1) 

where m and n are positive integers. Emission con- 
tours which would result f rom this component  alone 
are illustrated in the key to Fig. 1. The presence of an 
approximate power low component  is obvious, for ex- 
ample, in the observed contours for the lower left map, 
for which f2 = 16 kHz, f 2 / f l  = 1.05. In contrast, a 
power low component  was never observed at the high- 
est frequency ratios examined, within the range of the 
stimulus amplitudes employed. 

For the second component,  the CDT amplitude was 
typically maximal along a ridge extending from the 
region where both stimulus amplitudes were large to 
the region where both were small. This ridge resulted 
because the emission intensity was relatively reduced 
in regions where either of the stimulus amplitudes was 
large, but not both. The location and orientation of the 
ridge line (exemplified by the dashed lines in Fig. 1) 
varied with the stimulus frequencies. For low frequen- 
cies or at low frequency ratios (the top row and left 
column of Fig. 1) the ridge line was approximately at 
45 degrees. The relative maximum in emissions oc- 

curred for L 1 ----L2, or for L 1 ~ C L 2, where C is a 
constant. For example, the pronounced ridge in the 
lower left map of Fig. 1 (for f2 = 16 kHz, fz / fa  = 1.05) 
occurred for L 1 -=-4 L 2 (L 1 12 dB above L2). As the 
frequency ratio increased, the ridge generally became 
more prominent  and at a larger angle. For example, 
the ridge line noted for the case f2 = 4 kHz, f z / f l  = 1.28 
was at an angle of 63 degrees. At higher frequency 
ratios and higher frequencies (lower right quadrant  of 
Fig. ]~) the ridge line became nearly vertical, so that the 
relative maximum for these parameters  occurred in the 
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Fig. 2. A five-dimensional representation of the normal (preinjec- 
tion) variation of the fifth order emission (3f 1 -2f  2) with all signifi- 
cant parameters; same axes as Fig. 1. The key illustrates the emis- 
sions resulting from a power law spectra for this emission frequency, 
given by Eq. (1); the zero level is arbitrarily chosen to approximately 
match the power law component typically observed. Same animal as 
Fig. 1. 
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a rea  where  L 1 = 60 to 70 dB SPL, and  was only weakly  
d e p e n d e n t  on  L 2. 

In  reg ions  where  these  two c o m p o n e n t s  a p p e a r e d  to 
mee t ,  t he re  cou ld  be  regions  of  r ap id  a m p l i t u d e  change,  
with the  a p p e a r a n c e  of  ' no t ches '  o r  ' c revasses ' .  Exam-  
ples  of  such no tches  can  be  obse rved  on the  u p p e r  left  
of  con tou r  maps  at  low f requenc ies  and  low f requency  
ra t ios  ( u p p e r  left  maps  in Fig. 1) and  in the  lower  r ight  
of  m a p s  for h igher  f requenc ies  and  midd l e  f requency  
ra t ios  (e.g., m idd l e  m a p s  in Fig. 1). T h e  phase  of  the  
emiss ion was typical ly  found  to change  rap id ly  across  
these  no tches  (da t a  not  shown). Such no tches  are  not  
always seen;  it is obvious f rom these  two d imens iona l  
maps  tha t  the  two c o m p o n e n t s  cou ld  also m e r g e  
smooth ly  for  many  f requency  and f requency  ra t io  com- 
binat ions .  

A s imi lar  p r e s e n t a t i o n  for  the  fifth o r d e r  emiss ion  
(3f 1 - 2f 2) a p p e a r s  in Fig. 2. T h e r e  are  severa l  obvious 
d i f fe rences  b e t w e e n  this f r equency  and the  CDT.  The  
fifth o r d e r  emiss ion was not  de t ec t ab l e  at h igher  fre-  
quency  ra t ios  (e.g., Brown and Gaski l l ,  1990). W h i l e  
the  fifth o r d e r  t e rm  also a p p e a r e d  to consist  of  two 
componen t s ,  the  power  law c o m p o n e n t  was only obvi- 
ous  at the  lower  f requenc ies  and f requency  ra t ios  (up-  
p e r  left  a r ea  in Fig. 2). The  con tours  for the  r idge  
c o m p o n e n t  had  a n a r r o w e r  a p p e a r a n c e  than  the  CDT;  

the  d i f fe rence  can  be  r e l a t e d  to the  fact  tha t  the  ra te  of  
inc rease  of  emiss ion  coming  up  the face  of  the  r idge  
( f rom the lower  left  in each  map)  was smal le r  for the  
f i r th  o r d e r  te rm.  The  angle  of  the  r idge  l ine,  however ,  
showed the  same t r end  as d id  tha t  for  the  CDT,  
s ta r t ing  at about  45 deg rees  for  lower  f requency  rat ios ,  
and  a p p e a r i n g  to s t e e pe n  as the  ra t io  increased .  R e p -  
resen ta t ive  angles  for the  r idge  l ines a re  n o t e d  by 
d a s h e d  l ines in indiv idual  con tou r  maps .  

3.2. Changes in emissions with furosemide injection: 
ouert;iew 

Ideal ly ,  one  would  l ike to follow the changes  with 
fu rosemide  in jec t ion  for  the  whole  p a r a m e t e r  space.  
However ,  m o r e  than  2 h are  r equ i r ed  to ob ta in  the  
da t a  for  a c o m p l e t e  r e p r e s e n t a t i o n  such as Fig. 1. Even  
with  i.p. inject ion,  the  ra te  of  change  i n duced  by 
fu rosemide  requ i res  mon i to r ing  a given p a r a m e t e r  
choice  at  leas t  every 1 -5  min,  d e p e n d i n g  on the  t ime 
reso lu t ion  des i red .  Obviously,  only a very r e d u c e d  set  
of  p a r a m e t e r s  can be  fo l lowed with any one  animal .  A 
tota l  of  n ine  animals  was used  to cover  the  p a r a m e t e r  
choices  inc luded  in this repor t .  

The  first set  of  p a r a m e t e r s  chosen  a l lowed the  de-  
t e rmina t ion  of  changes  in t ime of  t h r e e  con tour  maps ,  
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Fig. 3. The variation with time of the cubic difference tone (CDT, 2 f  1 - -  f 2 )  emission following furosemide injection in one animal, for stimulus 
frequency f2 = 8 kHz, and for three different frequency ratios (f2/fl). Emission amplitudes are shown in the upper plots, with corresponding 
phase angles below; the dashed vertical lines simply connect corresponding amplitude and phase measurements taken at the same time. The 
phase angle zero reference is arbitrary at each frequency ratio. There were two 100 mg/kg furosemide injections at the times shown by the 
arrows at the top of the middle panel (at t = 0 and t = 99 min). Parameters listed are the stimulus amplitudes L I × L 2 in dB SPL. The dimension 
D is defined as the decrease from the preinjection amplitude to the middle of the flat minimum, as shown. The right and left panels show 
changes after the first furosemide injection only. 
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each at a different frequency ratio, all at the same f2 
frequency. By using grids at 10 dB intervals for each 
basic contour map, three complete contour maps could 
be generated every 3 min. Before considering the 
changes in entire contour maps, however, we will con- 
sider the variation with time of emission amplitudes at 
several discrete parameter  choices, shown in Figs. 3 
and 4. At each frequency ratio, the variation with time 
of the CDT emission is presented for two different 
stimulus amplitude pairs. One has both stimulus ampli- 
tudes equal to 80 dB SPL. The other has L 2 = 50 dB 
SPL, with L 1 chosen using the normal contour maps 
(Fig. 1) so that the CDT emission was approximately 
on the preinjection ridge. This was done so that the 
levels would be as equivalent as possible for the same 
f2 frequency given the changes in frequency ratio. Fig. 
3 presents changes seen with fz = 8 kHz. For compari-  
son, the emissions with f2 = 2 kHz are presented in 
Fig. 4 for approximately the same paramete r  choices as 
in Fig. 3. 

The results may be summarized as follows: For all 
frequencies, there was very little change in emission 
amplitude at the highest level monitored, but at the 
lower stimulus levels there was a sharp decrease in 
CDT emission amplitude following furosemide injec- 
tion. The behavior following the first injection for 
f z / f l  = 1.28 in Fig. 3 is particularly noteworthy: there 
was a very sharp minimum, a partial rebound to a flat, 

relatively unchanging response, another  sharp mini- 
mum, followed by a rapid return to preinjection levels. 
The change in phase angle was even more rapid than 
the change in amplitude; note that the phase angle 
changed significantly only at and between the two 
sharp minima (see the dashed vertical lines in Figs. 3 
and 4). Such obvious sharp minima were not always 
observed (they simply could have been missed with the 
typical sampling rate being only once every 3 min). The 
other minima in Figs. 3 and 4 were therefore like those 
more typically observed. The amplitude for these cases 
also dropped sharply to a more or less flat minimum, 
and most of the change in phase angle occurred during 
the transitions between the rapidly varying component  
and the flat minimum. This behavior was usually more 
obvious and consistent for frequency ratios above 1.05, 
as will be discussed later. 

In general, the direction of the phase change was an 
increase of angle (a decrease in phase lag) of about 180 
degrees. Usually, the result of the change for the 
emissions at low stimulus amplitudes was that the 
emission angle during the flat part  of the minimum 
changed to become very nearly the same as the emis- 
sion angle at high stimulus intensities. Note, however, 
that typically after furosemide injection the low level 
angle in effect rotates away f rom the high level angle 
to end up closer to it at maximum effect. 

The center graphs of Figs. 3 and 4 illustrate the 
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effect of a second furosemide injection, which was 
sometimes given after there was full recovery of emis- 
sions following the first injection. Often the second 
injection had less effect than the first. However, if 
there was a sharp decrease to a fiat minimum, the level 
of the minimum reached was usually the same as, or 
slightly less than, the first. There  usually was not a full 
recovery after the second injection. For those animals 
which were given KC1 into cardiac muscle instead for 
the second injection, the vulnerable emissions usually 
decreased sharply to a fiat plateau, exactly as for a 
second furosemide injection. After  holding this level 
for a few min, these emissions then decreased to the 
noise floor and did not recover. 

For the animal in Fig. 3, the decrease in amplitude 
of the CDT from preinjection level to the flat mini- 
mum (D) was 26 dB. This amount of decrease was a 
very typical value: it ranged from 23 to 31 dB for the 
first injection in the nine different animals comprising 
the experimental  group, for the reference level stimu- 
lus parameters  (f2 = 8 kHz, f2 / f l  = 1.28, L 1 × L 2 = 55 
× 50 dB SPL). The associated phase shift was always 

positive (i.e., the phase lag decreased) and between 
+ 160 and + 190 degrees, excluding one animal for 
which the emission amplitude did not decrease to a fiat 
minimum after the first injection. When there was a 
second injection which caused the emissions again to 
reach a flat minimum, the phase shift at the second 
injection was similar to the first. An example is seen 
following the second injection in Fig. 3. 

Fig. 4 illustrates corresponding changes for a differ- 
ent animal for a frequency f2 = 2 kHz. The CDT emis- 
sion amplitude at the reference parameter  set (f2 = 8 
kHz, f2 / f l  = 1.28, L 1 × L 2 = 55 × 50 dB SPL) for this 
same animal is shown by the dashed line. It  is apparent  
that, even though the normal emission contours for the 
two frequencies appeared to be quite different (Fig. 1), 
the responses to furosemide injection at the same 
frequency ratio were very similar. In other words, the 
response to furosemide injection varied more with the 
stimulus frequency ratio than it did with the stimulus 
frequencies themselves. For this animal the decrease in 
CDT emission at the reference paramete r  set was 
about 29 dB. While the normal CDT amplitude at 2 
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Fig. 5. The change in the contour  map of the cubic distortion tone (CDT, 2f I - f2) emission from preinjection (top panels) compared to the time 
at the middle of the fiat minimum, 20 min postinjection (bottom panels), for f2 = 8 kHz. Contours  of emission amplitude are shown as a function 
of the st imulus amplitudes, L~ and L a. Emission ampli tudes are shown from 0 dB SPL, increasing in 10 dB steps. Emission phase angles are 
shown at selected sites (stimulus amplitude pairs) by the arrows. Note that  the zero phase reference is arbitrary for each column of maps. A 
relative increase in phase (a decrease in phase lag) is plotted counterclockwise, as noted in the lower left of the figure. Measurements  for these 
contour maps  were made  at 10 dB intervals in L~ and L 2. The  square denotes  the 55 × 50 dB SPL reference level. Same animal as Fig. 3. 



D.M. Mills, E. WRubel /Hearing Research 77 (1994) 183-199 191 

kHz for the otherwise same parameters was 10 dB 
lower than at 8 kHz, the magnitude of the net decrease 
to the flat minimum was very nearly the same as that at 
8 kHz. 

3.3. Changes in contour maps at maximum effect 

The preinjection contour maps are now compared 
with those obtained after the first furosemide injection. 
The postinjection maps shown were chosen at the time 
of 'maximum effect', defined as the time that the CDT 
amplitudes for the lower stimulus levels were in the 
middle of the flat minimum. Figs. 5 and 6 present these 
contour maps for the same two animals as Figs. 3 and 4 
respectively. Both figures compare preinjection con- 
tour maps with those determined in the middle of the 
flat minimum, about 20 min postinjection. Note that 
the resolution of the preinjection maps is the same as 
the postinjection maps in these figures (i.e., 10 dB 
intervals were used) and is poorer  than that used for 
Figs. 1 and 2 (5 dB intervals). For direct comparison, 
the outlines of the corresponding maps at 8 kHz are 
repeated in the 2 kHz maps in Fig. 6. 

From Fig. 6, it is immediately obvious that there 
were significant differences between the preinjection 
maps at the two fe frequencies. However, there was 
less difference between the two maps at maximal 
furosemide effect. There  was a similar small variation 
with frequency ratio at both fe frequencies. Again, the 
differences found at maximal effect appeared to de- 
pend more on frequency ratio than on frequency. 

The contour maps at maximum effect could all be 
roughly approximated by the same power law distribu- 
tion. However, while it appears that the contours for 
the passive component were approximately at the angle 
appropriate to a power law (i.e., a slope for the con- 
tour lines of 2 : 1) the gradient (i.e., the inverse of the 
distance between contours) was not usually quite as 
steep as a power law would be. Also, the overall 
amplitude of the passive component decreases slightly 
as the frequency ratio is increased. The result for the 
fifth order  term (3f I - 2 f  2) was essentially the same; 
the contour maps at maximum effect were approxi- 
mately given by a power law source. However, because 
of the generally lower emission intensity of this term, 
there were insufficient data points above the noise 
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Fig. 6. The change in the contour  map of the cubic distortion tone (CDT, 2f I - f2) emission from preinjection compared to the time at the 
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floor at maximum effect to derive accurate contour 
maps, and they are not presented. 

The component remaining at maximum effect will 
generally be termed the 'passive' component,  even 
though it is obvious that the contours only approximate 
the power law and that there are probably still contri- 
butions from active processes at the furosemide dosages 
employed in this study. 

The component which is vulnerable to a change in 
EP is well delineated by the changes occurring in the 
maps, comparing postinjection to the maximum effect 
in Figs. 5 and 6. As a whole, it is clear that this 'active' 
component was not nearly as dominant at a frequency 
ratio of 1.05 as it was at higher ratios. However, the 
active component at the smaller ratio did dominate the 
passive at the center of each map, i.e., for moderate 
intensities. The active component at f2 / f l  = 1.05 was 
also found to be more variable across animals than that 
for higher frequency ratios - compare the preinjection 
maps in Figs. 5 and 6 with Fig. 1, especially for f2 = 8 
k H z .  

Both amplitude and phase information are given in 
Fig. 5. Note that because of difficulty in determining 
absolute phase information, phase differences between 
different frequency ratios are meaningless. However, 
phase changes observed at a given frequency ratio 
(within a contour map or between pre- and post-injec- 
tion maps) are significant. First, in the map for the 
f2 / f l  ratio of 1.28 there is a rapid phase change of 
about 90 degrees (not obvious at this resolution) just to 
the left of the notch located at L 1 = 7 0  dB SPL. 
Comparing pre- and post-injection phase information 

for all the maps, note that the phase angles did not 
change much in areas where either stimulus amplitude 
was large (along the top and right sides of each contour 
map). On the other hand, the behavior for points for 
low stimulus amplitudes can be illustrated with that for 
the reference point (the location of the open square in 
Figs. 5 and the 55 x 50 emission in Fig. 3). Pre-injec- 
tion, the phase was about 180 degrees (straight down in 
Fig. 5.) As the emission amplitude hit the flat mini- 
mum, the phase rotated 180 degrees counterclockwise, 
ending up near zero degrees (pointing upward in Fig. 
5). 

3.4. CDT trajectories as a function of  stimulus level 

The trajectories of the CDT emission with stimulus 
amplitude as a parameter  are shown in Fig. 7. For this 
case, a smaller furosemide injection (75 mg/kg)  was 
chosen to avoid decreasing the emissions to the flat 
minimum where possible. Fig. 7a shows the variation of 
emissions with time for the first hour following injec- 
tion. Fig. 7b plots measured emission amplitudes ver- 
sus those at L 1 x L 2 = 55 x 50 dB SPL. This second 
plot is presented to show the correlation between emis- 
sions resulting from different stimulus levels. It in- 
cludes all data for two injections over 4 h, except that 
points which were obviously associated with a 'flat' 
minimum (e.g., the points between the two sharp min- 
ima for the 45 x 30 trajectory in Fig. 7a) or at the noise 
floor were deleted for clarity. 

For stimulus levels of 60 dB SPL or lower, the 
correlation between the amplitudes at different levels 
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is very good. The emission amplitudes are obviously 
'nested'  for this sequence of stimulus amplitudes; the 
emissions for lower stimulus levels change more in 
proportion to those at higher levels. The time variation 
between stimulus levels is, however, very similar. That 
is, the emission amplitudes for all the stimulus levels 
began to decrease at about the same time and to 
recover at about the same time. 

For interpreting these results, note that the se- 
quence of stimulus levels has generally been chosen so 
that the preinjection emission lay approximately on the 
ridge of emission seen in Fig. 1, and areas with 'notches '  
were therefore generally avoided. The fact that the 
70 × 70 level was not far from a notch (e.g., see Fig. 5) 
may explain its inverse correlation with the other lev- 
els. The correlation was also found to be considerably 
poorer between similar stimulus levels at a frequency 
ratio of 1.05, compared to those at the moderate ratios 
shown in Fig. 7, as will be seen next. 

3.5. D P O A E  trajectories as a funct ion o f  frequency ratio 

The observed variation with time of both the CDT 
and the fifth order (3 f~ -  2f 2) term are presented in 
Fig. 8, for 3 different frequency ratios and several 
different amplitudes. The amplitude parameter listed 
is the L e level; the L 1 levels were chosen equal to the 
L e levels except at the lower stimulus levels, where 
they were chosen so that the CDT emission was ap- 

proximately at the preinjection ridge maximum (values 
chosen are listed in the figure legend). 

While there are some obvious similarities in the 
responses at all frequency ratios for both distortion 
components, there are also some obvious trends. The 
CDT responses at the middle frequency ratio were 
generally the most stable, consistent and reproducible. 
In contrast, at the lower frequency ratio, the amplitude 
response at all levels was somewhat more variable, 
even though the phase response was usually quite 
stable. This behavior continued for the middle fre- 
quency ratio for the fifth order term and even for the 
CDT for the 70 × 70 stimulus. While the CDT at a 
frequency ratio of 1.55 showed the stability characteris- 
tic of that at the 1.28 ratio, the 65 × 50 emission at that 
ratio did not clearly decrease to the flat minimum as 
did the emission at the same L e level at the middle 
frequency ratio. At  the higher ratio, the fifth order, 
term was generally too low in intensity to measure 
(e.g., see Fig. 2). 

Note also that Fig. 8 allows the comparison of 
different emission frequencies present in the same 
signal. For example, consider the 60 dB SPL stimulus 
in the center two panels ( f 2 / f l  = 1.28). Following 
furosemide injection, the 2f 1 - f 2  signal barely de- 
creased to the passive component, while the 3 f l -  2f 2 
signal spent a considerable time at a more or less flat 
minimum (there was a characteristic phase shift, not 
shown, observed during this minimum to support this 
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in terpre ta t ion) .  The  passive componen t  therefore  dom- 
ina ted  one  of the odd emission f requencies  but  not  the 
other.  

3.6. C D T  trajectories as a funct ion o f f  2 frequency 

Typical trajectories of C D T  ampl i tudes  with f2 fre- 
quency as a pa ramete r  are summar ized  in Figs. 9 and  
10. For  all data  p resen ted  in these two figures, f 2 / f l  = 
1.28 and  L 1 × L 2 = 55 × 50 dB SPL. Fig. 9 provides the 
var ia t ion of the emissions with t ime for f2 at octave 
intervals from 1 to 16 kHz. Whi le  there  are minor  

differences in the slope of the initial  decrease and  of 
the recovery, it is obvious that  the major  sharp de- 
crease occurred essentially s imul taneously  across the 

ent i re  f requency range. The  minor  differences in the 
onset  and  recovery are very reminiscent  of the differ- 
ences due to differences in s t imulus ampl i tude  (Fig. 7). 
It can be said that  the lower f requency emissions (for 
f2 = 1 -4  kHz) appear  as if, for the same sound levels in 
the ear canal,  the effective st imulus at the cochlea was 
at a somewhat  lower level than  at higher  frequencies.  

The  a m o u n t  of the decrease from the pre in jec t ion  
va~ue to the flat m i n i m u m  (the dis tance D def ined  in 
Fig. 3) is plot ted versus f2 f requency in Fig. 10a for the 
same pa rame te r  values as in Fig. 9. It can be seen that  
the decrease was remarkably  cons tant  with frequency,  
especially given that  the absolute values of the prein-  
ject ion ampl i tudes  for this s t imulus varied considerably 
with f requency (e.g., see Figs. 1, 4 and  9). For  the n ine  
f2 f requencies  at half-octave intervals from 1 to 16 
kHz, the observed decrease D was be tween  20 and 27 
dB, with an average of 22 dB. There  may have b e e n  a 
slight t endency  for D to increase with increasing fre- 
quency. 
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uncertain due to noise contamination. (b) Change of phase angle at 
maximum effect versus fe frequency. The magnitude and direction of 
the absolute change - the angle at maximum effect compared to its 
own preinjection value - is given on the top line, an increase implies 
an increase in phase lead (a decrease in lag). The relative change is 
defined as the change in the emission phase angle resulting from the 
lower level stimulus relative to the phase angle for the corresponding 
LIXLa=80×80 dB SPL emission. Intermediate angles are not 
taken into account for the relative shifts, so the maximum possible 
relative change is 180 degrees; a negative shift (below the line in the 
figure) represents a decrease in the difference in the relative phase 
between the two emission; that is, the two angles were closer 
together at maximum effect than they were originally. The phase 
shift at 16 kHz was not included because the signal was too noisy at 
maximum effect. Two possible values for the absolute phase shift are 
shown for the 5.6 kHz response because the direction of the shift was 
ambiguous: see text. 

In  contrast  to the constancy of the magn i tude  of the 
decrease,  the phase change at max imum furosemide  
effect did vary somewhat  with f2 frequency. For  these 
measurements ,  each pa rame te r  choice was observed 

once every minu te  in an effort to reduce ambigui ty at 
the sudden  phase changes.  For  this animal ,  at all 
f requencies  o ther  than  f2 = 5.6 kHz (see below) there  
was an unambiguous ,  reversible phase shift of 180 
degrees or less. The  top pane l  of Fig. 10b shows the 
var ia t ion of the absolute phase change with f2 fre- 
quency, i.e., the phase angle at max imum effect com- 
pared  to its own initial  value. Below is plot ted the 
relative change,  def ined as the change  in the angle 
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between the emission for the 55 × 50 stimulus and that 
for the 80 × 80 stimulus measured at the same time. 

Except for an apparent transition near 4-5  kHz, it 
can be seen that the absolute phase angle of the 
emission generally increased about 130-180 degrees, 
with the result that there was generally a decrease in 
the relative angle between the emissions at stimulus 
levels from 55 × 50 and those from 80 × 80 dB SPL. 
That is, these two angles were generally closer together 
at maximum effect than they were normally. For exam- 
ple, at 1 kHz, the CDT absolute phase shift was + 160 
degrees, meaning that the phase lag of the emission for 
the 55 × 50 stimulus pair decreased by 160 degrees at 
maximum effect. The corresponding relative shift was 
- 1 1 0  degrees, meaning that the phase angle between 
the emission for the 55 x 50 stimulus relative to the 
80 × 80 stimulus decreased by 110 degrees. 

The only exceptions to this behavior for this animal 
were for frequencies near 4 kHz. At f2 = 5.6 kHz, for 
example, the observed phase shift Was actually ambigu- 
ous. It could be considered a reversible increase of 
about 210 degrees, or a decrease of about 150 degrees, 
followed during recovery by another decrease of about 
200 degrees. Also, at this frequency as well as at 4 kHz, 
the relative angle between the CDT emissions at the 
55 × 50 and 80 × 80 stimuli actually increased slightly 
at maximum effect. However, the shifts near 4 kHz 
were not consistent across animals. For example, the 
absolute shifts at 4 kHz were zero and + 180 degrees 
for two other animals. In contrast, the phase shifts at 
frequencies away from 4-5.6 kHz were quite consistent 
across animals, as were the amplitude decreases, D, at 
all frequencies. 

3. 7. Observations of other distortion frequencies 

Finally, observations of the other two distortion 
products recorded (2f 2 - f l  and f2- fl  ) were also ex- 
tended to a wider range of stimulus parameters,  com- 
pared to the initial observations made at one pair of 
stimulus frequencies (Mills et al., 1993a). The behavior 
noted in the initial study was found with only minor 
variations over the entire parameter  space. The varia- 
tion of the other cubic term (2f 2 - f l)  was again found 
to be similar to that of the other odd order terms, but 
typically lacked the sharp decrease found for the 
'vulnerable' terms, 2f I - f 2  and 3f 1 - 2 f  2. Depending 
on parameters, however, this cubic term could also 
show the 'bottoming out' behavior seen in the other 
odd order terms. As before, the difference tone (f2 - f l)  
variation was found to be completely unlike the odd 
order terms, but appeared related to them. It typically 
went through an apparent zero (a minimum in ampli- 
tude and a sharp phase transition) near the time when 
the slope of the CDT amplitude as a function of time 
was changing to pass near zero. For example, such an 

apparent zero was usually observed in the difference 
tone amplitude near the time that the CDT recovered 
fully, about 45 min post-injection. Neither the differ- 
ence tone nor the other cubic term appear potentially 
as useful as the CDT and fifth order term for directly 
monitoring the function of the cochlear amplifier, and 
are not considered further here. 

4. Discussion 

4.1. Active and passive components in distortion product 
emissions 

The data presented here indicate that it can be very 
useful to think of the emissions for both the CDT 
(2fl - f2) and fifth order (3f 1 - 2f 2) terms as originat- 
ing in two different 'components' .  The 'active' compo- 
nent, by definition the component which is strongly 
decreased by an abrupt change in EP, normally domi- 
nates the response at low and moderate intensities at 
all frequency ratios. At higher intensities, and 'underly- 
ing' the active component at lower stimulus levels, is a 
'passive' component.  By definition, the passive compo- 
nent is that which is observed when the active compo- 
nent is maximally interrupted by furosemide intoxica- 
tion. This passive component has approximately a 
power law distribution and is much the same at differ- 
ent frequency ratios and different frequencies. The 
main change appears to be that the intensity scale 
factor appears to decrease slightly with increasing fre- 
quency ratio, so that the passive component is rela- 
tively lower in intensity, and thus more difficult to 
observe, as the frequency ratio is increased. 

In contrast, the distribution of the active component 
changes substantially with frequency and frequency 
ratio. Consider, for example, the orientation of the 
ridge line defined by the location of the relative maxi- 
mum of the active component in Figs. 1 and 2, illus- 
trated by the dashed lines in several of the maps. At 
low frequencies a n d / o r  low frequency ratios, the ridge 
line lies near 45 degrees, while at high frequencies and 
high ratios, the ridge line is more nearly vertical. There 
are a number of other obvious changes in the emission 
maps over the entire parameter  space, including the 
presence or absence of notches, the relative strength of 
the active component,  etc. Even at the same frequency 
ratio, there are changes in the distribution of emissions 
observed as the f2 frequency is changed. (One can, in 
fact, notice more similarities between two maps in 
adjacent rows in Figs. 1 and 2 if, as the f2 frequency is 
increased, the frequency ratio is decreased by about 
one interval. This last observation is probably related 
to the fact that, to get the same degree of overlap 
between the excitation patterns of two traveling waves 
having different frequencies, the frequency ratio be- 
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tween the two stimuli must be decreased as one moves 
from low to high frequencies; e.g., see derived traveling 
wave amplitudes in Allen and Fahey, 1993). 

The proposal that there are two relatively independ- 
ent components is enhanced by the observation that 
there is usually a sudden change in phase as the active 
component decreases, around the time when the emis- 
sion decreases to a relatively constant response. In this 
study, the change in phase was most frequently (but 
not always) found to be about + 180 degrees. Except 
for a transition region near f2 = 4 kHz, the magnitude 
and direction of the phase shifts for any particular 
stimulus parameters were quite consistent from animal 
to animal. For example, for the reference parameter  
set (fz = 8 kHz, f2 / f l  = 1.28, L 1 × L 2 = 55 dB SPL) the 
magnitude was 160-190 degrees and the shift was in 
the same direction for all injections in all nine animals 
in this study. The fact that the phase angle between 
these two components does not vary randomly sug- 
gests that the generation mechanisms of the passive 
and active components are intimately related at the 
level of cochlear mechanics. 

The presence of a relatively constant response be- 
tween the sharp minima, especially when contrasted to 
the rapid variation of the active component, further 
suggests the presence of an underlying passive compo- 
nent which is relatively unaffected by EP change. Note, 
however, that there was often observed some change in 
this component with time during the 'fiat minimum'. 
Further, this component is certainly not completely 
invulnerable (e.g., Rubel and Norton, 1991; Schmiedt 
and Adams, 1981; Whitehead et al., 1992a,b). After 
anoxia, for example, the CDT emission at moderate 
stimulus levels was typically observed here to first 
decrease to the passive level established by furosemide 
injection, but after several min to abruptly drop below 
the noise floor. 

The existence of 'two components'  in the CDT for 
midrange frequency ratios (fz/fa = 1.2-1.3) has been 
previously suggested on the basis of several other lines 
of evidence, including the shapes of normal input-out- 
put relationships (Brown, 1987; Whitehead et al., 1990, 
1992a), changes in emissions after ototoxic drug treat- 
ment (Brown et al., 1989; Whitehead et al., 1992b), 
changes post mortem a n d / o r  with sound exposure 
(Johnstone et al., 1990; Lonsbury-Martin et al., 1987; 
Rubel and Norton, 1991; Whitehead et al. 1992b), and 
changes with development (Norton and Rubel, 1990; 
Norton et al., 1991). However, from observations in- 
cluding smaller frequency ratios (Brown et al., 1987; 
Whitehead et al., 1992a), it was concluded that the 
active CDT component is not observable at frequency 
ratios near unity. By observing the vulnerability to 
furosemide, however, the active component is clearly 
present at low and moderate stimulus levels at all 
frequency ratios from 1.05 to 1.71. It is true that at 

ratios near unity, the active component in gerbils is 
able to dominate over a smaller intensity area, and is 
correspondingly weaker and more variable. The active 
component at near unity frequency ratios could easily 
be missed if only a few stimulus levels were monitored, 
and might not be detectable in particular individuals or 
in some species. Therefore,  the results found here 
agree generally with previous proposals for the exis- 
tence of two components (review: Whitehead et al., 
1992a,b). 

4.2. Interpretation." A simple summation model for the 
two components 

A very simple model for the generation of emissions 
would be composed of an 'active' source which is 
affected by furosemide, added to a 'passive' source 
which is relatively unaffected. For the simplest model, 
suppose that only the amplitude of the active source 
varies with time after furosemide injection, and its 
phase angle is constant. If the difference in phase 
angle between the two sources is between 90 and 180 
degrees (or between - 90 and - 180 degrees) there will 
be a minimum in the total emission when the ampli- 
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Fig. 11. A simple model of  the addition of two different sources. The 
amplitude of the active source (dashed line) is assumed to decrease 
as shown after furosemide injection, while its phase angle is constant.  
This emission is added to a unchanging source with a different 
emission phase angle, in this case 170 degrees larger. The  total 
emission is represented by the solid line. At  the min imum in magni- 
tude, the shift in the phase angle of the total is half the amount  it 
will be when the active source is negligible. 
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tude of the active source is equal that of the passive 
source. At this point, the phase angle of the sum will 
be one-half the difference in phase angle between the 
two sources. As the amplitude of the active source 
decreases further, the amplitude of the sum rises again, 
with the total amplitude and angle quickly becoming 
equal to that of the passive source. The behavior of 
such a system is illustrated in Fig. 11, for a difference 
angle of 170 degrees. 

It can be seen that the behavior is very much like 
that often observed, e.g., in Fig. 3. Note that in this 
simple model, there is a relationship between the total 
shift in angle and the depth of the sharp minimum. If 
the difference in phase angle between the two compo- 
nents is about 180 degrees, there will be a very sharp 
minimum. For shifts less than 90 degrees, there will be 
no sharp minimum at all, just the 'flat minimum'. 

While this simple summation model successfully re- 
produces the general appearance of the phase shifts 
observed, there are some potential difficulties with it. 
First, it cannot account for phase shifts in excess of 180 
degrees. However, such larger shifts have not been 
unequivocally observed. Second, with the magnitude of 
the angle between the two components usually ob- 
served, i.e., of the order of 180 degrees, it might be 
expected that the angle shift would occur equally often 
in either direction, and it has been found (e.g., Fig. 
10b) that the phase angle shift occurred predominantly 
in the positive (leading) direction. In a similar vein, for 
parameters where the shift is found to be very close to 
180 degrees, it might be expected that the direction of 
shift would at least vary from animal to animal, if not 
with different injections. However, this did not occur. 

In spite of these difficulties, it is interesting that 
there is such good agreement in both magnitude and 
phase angle between the predictions of the simple 
summation model (Fig. 11) and our experimental ob- 
servations (e.g., Fig. 3). The agreement suggests that 
both active and passive components must normally be 
present simultaneously. Further confirmation of the 
simultaneous presence of both components comes from 
comparing emissions at different distortion frequen- 
cies, e.g., the two odd components in the signal for 
f2 / f l  = 1.28 in Fig. 8. When considering the magni- 
tudes of the 2f I --f2 component and the 3f I - 2 f  2 
component in the same signal following furosemide 
injection, there are occasions when the emission at one 
of these frequencies decreases to a passive component,  
while the other does not. Therefore,  at the same time 
with the same stimulus the emission can be dominated 
by the passive component at one emission frequency 
but not at another. 

This model also provides an explanation for the 
sharp 'crevasses' seen in some maps in Fig. 1. Near 
cancellation of the total signal due to a difference in 
phase angle between two nearly equal amplitude corn- 

ponents has been previously suggested as an explana- 
tion for these structures, which appear as 'notches' in 
input-output functions (Brown, 1987; Norton et al., 
1991; Whitehead et al., 1992a; Wiederhold et al., 1986). 

4.3. Using D P O A E  and furosemide injection as an assay 
o f  actiue processes 

DPOAE have previously been extensively employed 
as a measure of cochlear function. Applications include 
the assessment of the effects of aminoglycoside toxicity 
(Brown et al., 1989; Whitehead et al., 1992b), noise 
damage (Franklin et al., 1991; Johnstone et al., 1990; 
Schmiedt, 1986; Wiederhold et al., 1986), development 
(Henley et al., 1989; Lenoir and Puel, 1987; Norton et 
al., 1991), genetic defects (Horner  et al., 1985; Schrott 
et al., 1991), and normal hearing function (Gaskill and 
Brown, 1990; Lonsbury-Martin et al., 1991; Martin et 
al., 1990), as well as basic investigations of normal 
cochlear dynamics (Allen and Fahey, 1992, 1993; Brown 
and Gaskill, 1990; Brown and Williams, 1993). The 
data presented here suggest that using DPOAE in 
conjunction with furosemide injection in mammalian 
experimental animals can potentially provide an im- 
provement in assaying the contribution of active pro- 
cesses to cochlear function. 

Our parametric results suggest that it is best to 
avoid frequency ratios near unity for the CDT (2f 1 - f2) 
and fifth order (3f 1 - 2f 2) terms. At the smaller ratios 
these emissions are quite variable; emission amplitudes 
tend to vary erratically with time, and between animals. 
The most consistent results are found at middle ratios 
around f z / f l  = 1.2-1.3, and at moderate stimulus lev- 
els, e.g., L 1 × L 2 = 55 )< 50 dB SPL. Higher frequency 
ratios, or slightly higher stimulus levels, can also be 
employed, but it is found" that the decrease to a flat 
minimum is not as consistently observed with these 
parameters. Noise contamination becomes a problem 
at maximum furosemide effect for much lower stimulus 
amplitudes. 

It seems reasonable to form the working hypothesis, 
therefore, that DPOAE analysis using moderate stimu- 
lus frequency ratios can be usefully employed to moni- 
tor active processes in the cochlea, at least over the 
frequency range 1-16 kHz. With furosemide injection, 
the presence of the active process can be demonstrated 
by a shift in the emission patterns such as seen in Figs. 
5 and 6. The abrupt phase shift, such as seen in Figs. 3 
and 4, can be used to verify that the active component 
had been interrupted completely, and the passive com- 
ponent  successfully uncovered. A failure to detect these 
characteristic changes in emissions with furosemide 
injection could tentatively be attributed to a absence of 
normally functioning active cochlear mechanisms at the 
stimulus frequencies. 
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