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In-the-ear calibration of sound pressure level may be problematic at frequencies above 2 kHz,
because the pressure can vary significantly along the length of the ear canal, due to reflection of
sound waves at the eardrum. This issue has been investigated by measuring behavioral thresholds to
tones in a group of human subjectd=€ 61) for two different insertion depths of an insert earphone.

The change in insertion depth was intended to alter the distribution of pressure in the ear canal,
shifting the frequency at which spectral notches occur. The inset earphone or “ptBbgtiotic

ER-10Q also contained a calibrated microphone, allowing the recording of sound pressure levels in
the ear canal. Prior to the threshold measurements in each subject, the Thevenin acoustic source
characteristics of the probe were determined by a special calibration procedure. This calibration
allowed the expression of the sound level at threshold in terms of acoustic intehgity?). The

impact of changes in insertion depth was determined by measuring behavioral threshold at each
depth. Because cochlear sensitivity remained constant, the level of sound entering the ear at
threshold should have been the saméhin measurement errpfor both insertions. The difference

in sound pressure levébPL) at threshold between the two probe insertions was greatest at the notch
frequency of the first insertion. At this notch frequency, the SPL at threshold increased by an
average of 11.4 dB. The change in sound intensity [€S#l) at threshold was almost always less

than the change in SPL. At the notch frequency, the SIL decreased, on average, by only 0.5 dB.
These results suggest that SIL may be a better indicator than SPL of the sound level entering the ear,
especially for frequencies in the 4—8 kHz range. 1898 Acoustical Society of America.
[S0001-496608)03011-7

PACS numbers: 43.64.Ha, 43.64.Jb, 43.64[BaM ]

INTRODUCTION other things being equal, the upper frequency limit for which
pressure measurements at the plane of the probe indicate
In-the-ear sound pressure calibration has become inpressure at the eardrum will decrease as the length of the ear
creasingly popular in recent years due to the availability ofcanal increases.
high quality, calibrated probe microphonés.g., Etymotic An alternative measure of stimulus level is acoustic
ER-7C and ER-10L It is generally agreed that the pressuretensity defined as the acoustic power per unit ateay.,
at the eardrum is a better measure of the stimulus than th@/m?). Intensity at the earphone will be a good indicator of
pressure at the earphofe.g., Siegel, 1994 However, due the intensity at the eardrum whenever ear canal losses are
to the difficulty of measuring sound pressure at the eardrumsmall (Keefeet al, 1993. It is expected that specifying the
the pressure at the earphone is often used to calibrate stimulitimulus level in terms of acoustic power avoids the problem
For example, most commercial distortion-product otoacouspf standing wave notche®.g., Marlanet al, 1994. How-
tic emission(DPOAE) systems rely on pressure at the ear-ever, power measurements require more information about
phone for stimulus calibration. the acoustic load than pressure measurements. Microphones
The accuracy with which pressure measurements at thgirectly measure acoustigressure To convert a pressure
earphone estimate the pressure at the eardrum is frequengyeasurement into a power or intensity value, tumduc-
dependent(Siegel, 1994; Siegel and Hirohata, 199%0r  tanceof the acoustic load must also be determined. One way
frequencies below about 2 kHz, pressure throughout the eq estimate the conductance of the load is to first calibrate the
canal is more nearly uniform, because the quarter waveacoustic source characteristics of the prabisller, 1960;
length of the signal is large compared with the dimensions Oanbinowitz, 1981; Allen, 1986; Keefet al. 1992.
the ear canal. This situation does not exist at higher frequen- The probe can be characterized by its Thevenin-
cies, where standing waves can result in a partial cancellatiogquiva|em source pressure and source impeddAden,
of the sound pressure seen at the microphone. As a result, thggg. These source parameters can be estimated by a special
pressure seen at the measurement microphone could potefyjipration procedure which uses a set of acoustic cavities to
tially underestimate the pressure at the eardrum for thesﬁrovide known acoustic loadgllen, 1986. Once the source
higher frequencies. Obviously, the dimensions of the ear Caarameters are known, the probe can be used to measure the
nal also influence the accuracy of these measurements. Allynquctance of any given acoustic load.
The study described in this paper investigates two re-
dElectronic mail: neely@boystown.org. lated questions(l) How well do sound pressure measure-
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ments in the ear canal describe the level of sound that entetetween 34 and 40 °@monitored by an oral thermometer
the ear? and2) Do sound intensity measurements provide ainserted into the tallest tubeThis was intended to warm the
better(i.e., more reliablg description of stimulus level than probeto approximately the same temperature during calibra-
sound pressure measurements? To investigate these quésn as when it was inserted into a human ear canal. As a
tions, we used behavioral threshold to maintain a nearly corresult, the speed of sound in the interior air spaces of the
stant level of sound entering the ear and manipulated thprobe should have been about the same during probe calibra-
distribution of pressure in the ear canal by varying the insertion as when the probe was inserted into an ear canal.

tion depth of an insert earphone and microphdpmbe. The acoustic impedance of each cavity was computed by
Since it is assumed that behavioral thresholds do not fatry a formula derived by Keefé1984. This formula requires
least within a test sessignany variances in behavioral that the length, diameter, and temperature of the tubes be
threshold must reflect inaccuracy in the calibration proceknown. The length of the acoustic cavitiéimicluding the
dure. By calibrating in both SPL and SIL, we can comparecouple) could not be determined with sufficient accuracy by
the relative accuracy of pressure and intensity measuremendrect measurement, so an initial estimate of this length,
over a wide range of frequencies. based on the frequency of the first prominent spectral peak,
was subsequently improved by numerical iteration. The pro-
cedure used an overspecified set of five linear equations,
based on both the measured cavity pressures and the calcu-
A. Probe lated cavity impedances, to generate an error term, and

An ER-10C probe microphon@&tymotic Researdhwas sought to minimize the error by adjusting the estimated tube

used to deliver stimuli and to measure sound pressure Ievé?n(?ths |tere:jt|vely(AIIen,f 19ﬁ6-ETRh:eLOTgevegm sou:jce im- q
in the ear canal. This microphone is well suited for makingpe ance and pressure for the ER- probe was determine

pressure measurements because it has a nearly constant s@ﬁ—th's proget_jure. . .
Acoustic intensity is, in general, a vector quantity equal

sitivity of about 0.05 V/Pa, over a wide range of frequencies. . ? .

This means that at the output of the preamp, a measuremem the product of fluid velocity and pressure. In this paper,
expressed in terms of dEe: uV can be intérpreted as a e consider only the direction normal to the plane of the
measurement of dB SPlre: '20 uPa) probe and treat intensity as a scalar quantity. For a particular

The Thevenin acoustic source characteristics were estf_requency component, intensity can be computed as

mated (using locally developed softwardor the ER-10C [(f)=3Rdv(f)* p(f)],

probe by a method similar to the one described by Allen i i
(1986. [See also Keefeet al. (1992 and Voss and Allen wherev (f) and p(f)are, respectively, the complex Fourier

(1994.] Five brass tube&L1/32 in. 0.d., 8 mm i.d.of vary- components of velocity and pressure at that freque(Rs.]

ing lengths(21, 24, 28, 34, and 42 mmwere closed at one extracts the real part of a complex number, and thde-

end and mounted vertically for use as acoustic cavities b)r/10tes a complex conjugaleSpecificacoustic impedanceor

gluing one end of each tube to a single brass plate. unit area acoustic i'mpedar)cis defined as the ratio of the
In order to attach the ER-10C probe to the open ends opressure and velocity
the calibration tubes, a simple coupler was made by gluing a p(f)
short (20 mm section of the same diameter tube inside a  Zs(f)= )
slightly longer(30 mm) section of the next larger diameter
tube(3/8 in. 0.d). The foam eartip of the ER-10C probe was (Pierce, 1981 If the specific impedance is known, then in-
compressed and inserted into the smaller end of the couplelgnsity can be computed as
The larger end of the coupler was seated on top of the open _ 2
end of the acoustic cavit idi d i H(H)=G()- Pimd 1),
y providing a good acoustic seal
between the probe and the cavity. The coupler effectivelywherep,,f)is the rms pressure ar@(f)=Rd Z; (f)] is
extended the tube length by about 3 mm. the specific conductance. The specific impedance ofatir
The pressure response of each of the five cavities to 87 °C) is pc=401 Pa s/mKeefe, 1984.
wide-band chirp stimulus was measured by the ER-10C mi-  The characteristic impedance of the brass tubes used for
crophone. The stimulus was generated and the response erobe calibration i€Z,=pc/A,=8.0x 10° Pa s/ni (=80 cgs
corded digitally by a Turtle Beach “Tahiti” soundcard at a acoustic ohms where A;=5.0x10"°> m? is the cross-
sample rate of 44.1 kHz. Although the ER-10C probe consectional area of each tube. The source impedance of the
tains two receivergloudspeakeps only one receiver was probe Z,,, and the load impedance of the ear cadal,
used in this study. The chirp stimulus delivered to the re-.which are derived from the calibration procedure, have the
ceiver was 112-mV peak-to-pedk0-mV rm9 with a flat  same units aZ,. For simplicity, the source and load imped-
spectrum from 0 to 20 kHz. Synchronous averaging of reances are normalized By when they are presented in Sec.
peated stimuli was used to reduce noise in the calibratiofi.
measurement. The total averaging time was about 37 s per Because the foam eartip was changed for each subject,
chirp-response measureméodrresponding to 80 repetitions the probe calibration was repeated for each subject either
of a 46.4-ms chirp immediately before or immediately after behavioral thresh-
Because the probe calibration is sensitive to temperasld measurements were made. The entire probe calibration
ture, the acoustic cavities were maintained at a temperatuggrocedure was completed in about 5—10 min.

I. METHODS
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B. Subjects After a short break, the probe was again inserted into the

ubjects’ ear canal, but this time not as deep as the first time.

Subjects were seated in a comfortable chair in a sounosl-3 ing thi be i " q ich f
attenuating booth. The ER-10C probeith the same foam uring nis probe nsertion procedure, a new notch fre-
quency(determined from the conductance peakas com-

eartip that was used for probe calibratiomas inserted into ted onli d undated on th ) ;
the subject’s ear canal. Special effort was made to obtain gputed oniin€ and updated on the computer screen every Tew
conds. The insertion depth was adjusted until the notch

initial insertion as deep as possible. A pressure response w3§ ;
pasp P P equency shiftedusually downwargl by about} octave(at

measured in the ear canal using the same wide-band chré t2 and not thard oct d 1o the initial
stimulus. The ear candload pressure, together with the asty and not more thap oc ave, compared to the initia
robe insertion. The ear canal conductance and threshold at

previously determined source pressure and impedance, pr% 12 f . . din th
vided enough information to calculate the specific conduc- € samtf] reqL:cen?;]es_V\_/te_:relzdagaln r_neas;J_re i Ihe same
tance of the ear canal. Tm®tch frequencyvas identified by way as they were for the initial deeper insertion.

a peak in the conductance curve in the 1-8 kHz range. Con- The threshold measurements provided a way to control
ductance was used to determine the notch frequency insted level of the sound entering the ear that was independent

of pressure because the conductance maximum was easier any measuremc_ants from the probe mlcrophgne. We as-
locate. The notch occurs in the pressure magnitiveesus sumed that behavioral threshold over the duration of a test

frequency curve because reflected sound from the eardrurﬁeSSion was relatively constant. Therefor e, any difference in
arrives back at the probe with a 180 degrees phase shift (Iil?reshold between the tWO_ prqbe insertions could not b_e a
this frequency and tends to cancel the forward-going Soungonsequence Of_ a change in mlddle-_ear or cochlear function.
being emitted by the probe. This sound-wave cancellation i he tL\reljhoI?_ dlffte_zrences can b; attrllt_)k;Jtetq to two sou_rﬁ]es
also responsible for the observed peak in the conductanctﬁres old estimation errors ar@) calibra lon errors. 1he
curve. threshold estimation errors should be unbiadesd, equally
}kely to be larger or smaller for the second inserjiohhere-

Following the measurements of the ear canal pressur . :
re, any tendency for the pressure or intensity at threshold

response, behavioral threshold measurements were ma "be consistently larger or smaller for the second insertion
The subjects were asked to press a response button each tittr(?e y larg . :
ust reflect an error in the corresponding pressure or inten-

they heard a tone. The tones were presented 100 times o

each of 12 frequencies. The tone was initially presented at 4V callbratlon: The exten't to which the behgworal thresh-
dB SPL, decreased in level on the next trial by 5 dB if theolds vary provides an estimate of the error in the pressure

subject indicated that the tone was heard, and increased by(§PL) or inten;ity(SIL) calibration. .
The experimental protocol was completed on 75 subjects

dB if the subject did not respond. The 1-s interval between "~ X

tones was extended if the subject had not yet released t{8nging in age f‘r‘om 14 fo 8 years. All SUbJ(.aCtS were pre-
button. Thresholds were measured at the five octave frequeﬁymed to have nor.mal hearing, b_ased on mfo_rmal ques-
cies from 0.5 to 8 kHz and at seven additional frequencies ifloning; however, this was not confirmed by clinical audio-

the vicinity of the notch frequency. The first set of ear canaflec assessment because normal hearing was not a

calibration and threshold measurements required about 3 qwrement for this experiment. It was only necessary for
min to complete. the subjects to be able to hear the tones and for their thresh-

The seven additional frequencies extended from one OC(_)Id to remain constant over the course of participation in the

tave below to one-half octave above the notch frequency iﬁxperiment, which typically lasted less than 2 h.

guarter-octave steps. This asymmetric pattern was selected jo In seven subjects, it was not possible to shift the notch

maximize our observations around the notch frequencies ]reque(;]cy b3|/ ;ti:] leas octave, tr)]ecatLrJ]se thE frequer!tcr)]/d re-
both probe insertions, where we expected the calibration efnained nearly the same even when the probe was withdrawn
rors to be greatest. The second probe insertion was alwa gthe shallowest possible insertion. Since the primary objec-

less deep than the first insertion and was expected to have, e of the experiment was to investigate the effect of chang-

notch frequency about one-half octave lower than the notct g the pressurg_dlitrlbutlon mltr(\je de?r car;aléhthe datla frorr
frequency of the first insertion. By designing our threshold €se seven subjects were excluded from further analysis. in

estimates to extend one octave below the initial notch fre>€Ve" ot_her subjects, the SPL at threshold at one or more
pquencies changed by more than 40 dB, probably because

guency, we expected the estimates to also extend one-hJLI . . ;
octave below the notch frequency of the second insertion. the subject fell asleep during the test. Because this threshold

Thresholds were determined by a maximum-likelihoodsmft was larger than could be accounted for by the change in

procedurgGreen, 1998 Likelihood values, based on all 100 probe insertion depth, the data from t.hese seven subjects
trials, were computed using a logistic function to approxi-Were also excludeq .from furthgr analysis. The data reported
mate the psychometric function describing percent of “yes”are from the remaining 61 subjects.

votes(Green, 1995 The parameters of the logistic function

were (1) upper asymptote(2) lower asymptote(3) slope, |I. RESULTS

and(4) threshold. Values for these four parameters were choA Probe
sen by numerical iteration to obtain a maximum likelihood™

value, given the history of responses to the 100 trials. The When chirp-response measurements were made in each
threshold of the psychometric function with the maximumof the five calibration tubes, the first resonant peaks occurred
likelihood was selected as the behavioral threshold for thaat 3.8, 4.6, 5.5, 6.3, and 7.1 kHz. The corresponding tube
tone. lengths, determined by the iterative procedure described
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FIG. 1. Thevenin source and load pressures. The dotted lines represent tﬁéG' 2. Thevenin source and load impedance. The dotted lines represent the

source pressure of the ER-10C. The solid and dashed lines represent the loagiree 'mped?”"e of the ER-10C probe. The SO".d and dashed "T‘es repre-
nt the load impedance of the ear canal for the first and second insertions,

pressure of the ear canal for the first and second insertions, respectively. THE - - . . -
pressure magnitude@ipper panel are normalized by the voltage to the respectively. The impedance magnitu@pper panglis normalized by the

probe. A linear phase, corresponding to a constant delay of 1.45 ms, w aracteristic impedance of the calibration CaVitEFBXIOe) Pa/nt
subtracted from all phase curvéewer panel for clarity. =80 cgs acoustic onmsThe phase of the load impedandewer panel
was restricted to the range betweef0 and+90 by forcing the real part of

the impedance to remain positiysee texk

above, were(on average 45.2, 37.6, 31.1, 27.4, and 24.2
mm. The standard deviations associated with these tube
lengths were 0.74, 0.78, 078, 0.78, and 0.77 mm, respeéLvely constant across the frequency range of interest, except
tively. The similarity of these standard deviations across alfor a dip near 2 kHz. The phase has a 90-degree phase in-
of the different tube lengths suggests a common source difease near 2 kHz, going from45 degrees at low frequen-
variability, such as the insertion depth of the probe tip intoCies to+45 degrees at high frequencies. The magnitude and
the coupler that was used for these calibrations. phase behavior near 2 kHz suggests that the ER-10C probe

The Thevenin acoustic source characteristics of ER-10as an internal cavity that resonates at this frequency. The
probe were obtained as a result of the calibration procedurénagnitude and phase functions should have a minimum-
These computations were done in the frequency domairRhase relationship because they represent the impedance of a
with independent estimates for the source pressure ar@hysical system. Our tests to confirm this minimum-phase
source impedance at each frequency. Typical results deriveglation were inconclusive due to uncertainties about the im-
from one set of tube measurements are shown by the dottgzedance below 100 Hz and above 10 kHz.
lines in Figs. 1 and 2. Repeated measurements of the source pressure and im-

The source pressure/voltage ratio in Fig. 1 was compedance produced slightly different results. For example,
puted by dividing the derived source pressure by the Fourieacross the 61 separate measurements on the same ER-10C
transform of the voltage waveform delivered to the probeprobe, the normalized magnitude of the source impedance
The magnitude of the source pressutgper pangl de- ranged from about 12 to 30 at 0.5 kHz and from about 2 to 9
creases gradually between 0.5 and 8 kHz, except for a shait 8 kHz. These variations might be due to slight differences
low dip around 2 kHz and a peak near 3.5 kHz. The phasén compression of the foam eartip of the probe or due to
(lower panel has a corresponding peak near 3 kHz. A linearinstabilities in the analysis methods used to derive these
phase corresponding to a constant delay of 1.45 ms was sufjuantities.
tracted from the measured phase to show details more To access the accuracy of the probe calibration, the im-
clearly. Digital processing as the signal passes through thpedance of a test load of known impedance was also mea-
soundcard accounts for 1.21 ms of this delay. Electrical andured. The test load was a 60.0-mm brass tube of the same
acoustic propagation through the ER-10C accounts for thdiameter(8.0 mn), but longer than any of the five tubes used
remaining(~0.24 mg delay. for the probe calibration. Figure 3 compares the measured

The source impedance in Fig. 2 was derived from thémpedance of the test loa@olid line) with the theoretical
same tube measurements used to derive the source pressuadue calculated for this tub@eefe, 1984. The agreement
shown in Fig. 1. The impedance magnitude is normalized byetween the measured and the calculated impedances ap-
the characteristic impedance of the calibration tubgsThe  pears to be excellent from 0.5 to 8 kHz, which is the fre-
magnitude of the source impedance, like the pressure, is relguency range of interest.
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9oF FIG. 4. Thevenin load conductance. The solid and dashed lines represent the
’§ 45 conductance of the ear canal for the first and second insertions, respectively.
z These conductances correspond with the load impedance measurements
g or shown in Fig. 2. The solid circles represent average, third-octave conduc-
2 —a5}k tance values from ten adult subjects measured by Kee#d. (1993. The
o conductance magnitude is normalizedzyy the characteristic impedance of
-90 the calibration cavities.
L 1 [ i 1
0.5 1 2 4 8 .
frequency (kHz) frequency ranged from 2.6 to 5.3 kHz. In the other five sub-

FIG. 3. Measured and calculated impedance for test load. The test load WJeCtS' where the notch frequency shifted upward, the initial
a clé)s.ed, brass tube at room temperai@®°C) with 8-mm .diameter and Hotch frequency ranged from 2.4 to 6.2 kHz and the second
60-mm length. The calculated impedance is based on equations from Keefd0tch frequency ranged from 3.2 to 8.4 kHz.
(1984. The impedance magnitud@pper panglis normalized byZ,=8 The solid and dashed lines in Fig. 2 show the ear canal
X 10° Pa/nt (=80 cgs acoustic ohms normalized impedance corresponding to the ear canal pres-
sure shown in Fig. 1. The ear canal impeda#dggat each
frequency was computed from the probe pressByg,,
probe impedancg,,, and ear canal pressuig., according
When the probe is inserted into an ear canal, the eahe formulaZ.=Zy, Pec/(Ppin— Ped. Note that the notch
canal becomes the acoustic load being driven by the acoustfeequencies appear more distinct when they are observed in
source within the probe. A typical measurement of an eathe impedance magnitudé&ig. 2 than when they are ob-
canal pressure is shown in Fig. 1. The solid line representserved in the pressure magnitudgg. 1). This was always
the first(deeper insertion and the dashed line represents thehe case and made it easiand more reliableto determine
second(shallowej insertion. The pressure/voltage ratio wasthe notch frequency from the impedance instead of the pres-
computed by dividing the Fourier transform of the pressuresure. The impedance phase crosses zero at the notch fre-
waveform recorded from the probe by the Fourier transformguency, going from—90 degrees at lower frequencies to
of the voltage waveform delivered to the probe. Compared+90 degrees at higher frequencies.
with the source pressure, the magnitude of the load pressure Occasionally, the phase of the impedance would become
is generally smalletby about 10 dBand the phase shows no greater thart-90 degrees or less than90 degrees. For ex-
obvious difference in slopéhat would be evidence of an ample, where the dashed line in the lower panel of Fig. 2 is
additional delay. equal to+90 degrees between 8 and 9 kHz, the computed
The initial notch frequency can be seen in the pressurémpedance value was actually greater th&a80 degrees.
magnitude(solid line) at about 4.6 kHz. The notch moves This meant that the real part of the complex impedance was
down to about 3.3 kHz for the second insertidashed ling negative, which was a nonphysical result for a passive sys-
This shift of —0.4 octaves is a result of increasing the lengthtem. The negative real impedance may have been due to
of the air space between the plane of the probe and the eameasurement errofgoise, instability in the analysis meth-
drum. A downward shift of the notch frequency was ob-ods used to compute the probe impedance, or changes in the
served in most subjects; however, in five subjects, the notchrobe impedance between probe calibration and ear canal
frequency shifted upward by more than 0.25 octaves. Thignsertion. The small amount by which the phase exceeded
was an unexpected result for which a definitive explanatior+90 degrees would have seemed insignificant when plotted,
is not known. We assume that the upward shift, occurring irbut the corresponding effect on the real part of the imped-
8% of our subjects, must be due to unusual curvature oance greatly influences our estimate of acoustic intensity.
cross-sectional area in these subjects’ ear canals. While th@ur method for dealing with these nonphysical impedances
upward shift is difficult to explain, its occurrence has nois described below.
influence on the primary purpose of this shift namely, to The conductance values in Fig. 4 are for the same two
determine the reliability of ear canal estimates of pressur@robe insertions for which the pressure and impedance were
and intensity. In the subset of 56 subjects where the notcpresented in Figs. 1 and 2. Conductance is defined as the real
frequency shifted downwarths expecteq the initial notch  part of 1Z.. Note that the conductance peaks in Fig. 4 occur
frequency ranged from 3.4 to 8.1 kHz and the second notcht the notch frequencies of the pressure in Fig. 1 and the

B. Ear canal
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impedance in Fig. 2. This means that if we know the fre-
guency of the conductance peak, we also know the notch 10_'5 T
frequency. This method was used to determine the notch 1072 —— first insertion

frequency for this experiment because it proved more reli- jo-3p ~ 7 secod insertion
able than using the pressure magnitude. For comparison, 10_4?
conductance values measured by Keafal. (1993 are also sf
shown in Fig. 4. 107

intensity / voltage—squared
T T T

magnitude (W/m?/v?)

When the real part of the impedance is negative, the 1075k A
conductance also becomes negative. In the example shown in 10’7f |
Fig. 4, the conductance values were negative above 9.6 kHz 10‘35 i
for the first insertion(solid line) and above 8.1 kHZand 10_95 ,'
below 0.3 kH3z for the second insertiodashed ling In this 05 1 2 4 8

subject, the conductance values were positive over the fre- frequency (ktz)

quency range of interegd.5-8 kH2. Howevgr, in other SUb.' FIG. 5. Acoustic intensity in the ear canal. The solid and dashed lines
jects, negative conductance values sometimes occurred in thepresent the ratio of intensity in the ear canal to voltage squared at the
0.5-8 kHz range. Dealing with negative conductance valueBrobe for the first and second insertions, respectively. Note that intensity in

. -the ear canal is less sensitigleetween 0.5 and 8 kHzo the change in probe

presented _th_e grea_tes_t challenge for this method of d_etermli sertion depth than the pressure magnitude shown in Fig. 1. To facilitate
ing acoustic intensity in the ear canal. Because negative CORpmparison, the vertical scales in Fig. 1 and in this figure both span an
ductance values were considered unrealistic, a minimurf0-dB signal range.

(normalized conductance value of 0.01 was established for

the purpose of computing intensities. Whenever the condutsiangard error of the mean. For each subject, the threshold

tance value was less than the minimum value, it was &5 es for the two probe insertions were averaged. The open

equal to the minimum value. This adjustment made it poS;ycles indicate the sound pressure le@ SPL) at thresh-
sible to compute intensity values for all subjects at all fre-

old. For comparison, the triangles indicate the ANS996

quencies of interest. Without this adjustment, 19 of the 6154qard reference equivalent thresh@®ETSPL) for an oc-

subjects would have had negative values at one or more Qf,qed ear simulator and the asterisks indicate the minimum

the frequency at which behavioral thresholds were measured, yipje pressuréMAP) at hearing threshold at the eardrum
This is not an ideal solution to the problem of negative con-ggtimated by Killion(1978.

ductance_valut_as. We hop(_a that a better solution can be found e is general agreement between the present mean
to deal with this problem in the future. , _thresholds and the average thresholds described in the na-

The two ear canal pressure-to-voltage ratios shown in
the upper panel of Fig. 1 as solid and dashed lines represent
in-the-ear SPL calibrations. Using these curves, it is possible . ! .
to determine the voltage needed to produce any desired SPL [ 1 O——0 pressure (SPL)

- ) . 1 - @——@ intensity (SIL) :

at any frequency.'The cﬁfferences in pressure-to-voltage ratio & 4 RETSPL (ANSL 1998) T
between the two insertion depths, by as much as an order of [ © % MAP (Killion, 1978)
magnitude(20 dB) at some frequencigsear 4.2 kHg, illus- [ : :
trate the primary issue addressed in this paper. Specifically,
in-the-ear SPL calibration cannot provide a reliable indica-
tion of the signal level entering the ear at some frequencies
because it is so sensitive to the insertion depth of the probe.

Ear canal conductance provides the additional informa-
tion needed to transform an SPL calibration into an SIL cali-
bration. Figure 5 shows two in-the-ear SIL calibrations con-
structed from the pressure-magnitudes in Fig. 1 and the
conductance in Fig. 4. The solid and dashed lines represent
the first and second probe insertions, respectively. The dif-
ference between the two SIL calibrations in Fig. 5 is much [ . : : :
smaller than the difference between the two SPL calibrations -5 ofs 1' é :1 é
in Fig. 1. Multiplication by the conductance has effectively frequency (Hz)
removed.the. stanq!ng-wave notche_s Se?n in SPL CurV(?SI:IG. 6. Behavioral thresholds to tones. The open circles represent the mean
The relative insensitivity of the SIL calibration to changes NspL thresholds for our subjects in dB: 20 uPa rms. The filled circles
probe insertion depth is an important advantage of this aprepresent the mean SIL threshold in o 10722 W/m2 (The filled circles
proach to calibration. also represent the mean power threshold inredB5Xx 10~ 1" W.) The SPL
and SIL values were determined from the same threshold measurements
using the ear canal conductance to convert SPL values to SIL values. The

error bars indicate the standard error of the mean. For comparison, the

; . _triangles represent the ANS(1996 reference equivalent thresholds
In Fig. 6, thresholds are shown for the five octave fre (RETSPL for an occluded ear simulator and the asterisks represent the

quenCieS(O-S' 1, 2,4, and 8 kHz The circles indilcat? the minimum audible pressuréMAP) at the eardrum estimated by Killion
mean values for the 61 subjects. The error bars indicate th@9e7s.

30_ ¥ L) T ¥ T

threshold (dB)

C. Thresholds
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dB) at the initial notch frequency and most negative5.0

standord frequencies notch frequenc'ies .
I T T T T 171 dB) at one-half octave below this frequency. By contrast, the
15} 9~ ~° pressure 1 - SIL change is never more than0.5 dB at any frequency in
e--- o intensity L .
ol v voltage 1 R i the V|9|n|ty of the notch frequency. Since we assumed that
3 / N behavioral thresholds have not changed between the two
] ! i\ - probe insertions, the large SPL changes must indicate that
g’ ok —o k- Qﬁg i the SPL at the plane of the probe differs from the SPL at the
S P eardrum.
-Sr A T An alternative to in-the-ear calibrati@®PL or SIb is to
-10f + - calibrate the insert earphone in an occluded ear simulator or
. \ ( . , Lo a4 other coupler attached to a calibrated microphgA&ISI,
05 1+ 2 4 8 -1 -05 0 05 1996. With this calibration method, the voltage required to
frequency (kHz) octaves re notch

produce a given SPL in the coupler is assumed to produce
FIG. 7. SPL, SIL, and voltage threshold changes due to change of insertiothe same SPL at the eardrum. To assess the effect of using a
depth. The open circles represent the mean change in SPL threshold, th@ltage reference in place of in-the-ear calibration, the tri-

closed circles represent the mean change in SIL threshold, and the triangl | in Fia. 7 show the mean chan in vol \V;
represent the change in voltaggBV) to the probe at threshold. The error %?19 es 9- show the mean change 0 té.gB )

bars represent standard error of the mean. The five standard frequencies Q@“\lerEd to the earphone at threshold. In general, the VOItage
shown in the left panel. The seven additional frequencies near the notcBhange appears to be less than the SPL change, but greater

frequency are shown in the right panel. than the SIL change. This suggests that a voltage reference
may be more reliable than in-the-ear pressure calibration,

tional standards and by Killion. The present threshold Valuegspemally for freqL_Jenc!es at which a notch in the SPL oc-
were higher than the previously published values, except at qurs; however, calibrating _the voltage reference presents its
kHz. This is probably descriptive of the subjects population,own set of problems, as discussed below.
since normal hearing was not a requirement for inclusion i
this study. The lower threshold in our subjects at 4 kHz ig“' DISCUSSION
probably an artifact of the spectral notch in pressure magni- The method used to obtain ear canal impedance by first
tude that was usually observed at frequencies near 4 kHz. determining the Thevenin acoustic source characteristics
The filled circles show the sound intensity le¥gIL) at  generally follows the description provided by All¢h986
threshold expressed in d: 1 pwW/n?. No standard for the and Keefeet al. (1992. The choice of five calibration tubes
SIL at behavioral threshold has yet been established for usgas a compromise between the four tubes recommended by
with insert earphones. The threshold SIL is not constanAllen and the six tubes recommended by Keefe. The tube
across frequency; it is 13.7 dB higher at 8 kHz than at 0.9engths also represent a compromise between the slightly
kHz, suggesting a trend for the threshold SIL to increaseshorter tubes used by Voss and All€i994, which ranged
with frequency by about 3 dB/octave. This is greater than thérom 11.2 to 30.2 mm, and the much longer tubes used by
change in MAP, which is only 2 dB larger at 8 kHz than at Keefeet al. (1992, which ranged from 238 to 500 mm. The
0.5 kHz. tube lengths used in this study were selected so that the fre-
The change in threshold between the two probe inserguencies of the first resonant pedls the half-wave reso-
tions is shown in Fig. 7. The open circles indicate the meamance would span the frequency range of greatest interest
SPL change and the filled circles indicate the mean SIL4-8 kH2 with approximately uniform spacing.
change. The error bars represent the standard error of the Our decision to heat the calibration tubes to body tem-
mean. Results of the five octave frequend®$, 1, 2, 4, and perature was based on a suggestion by Affgrsonal com-
8 kHz) are shown in the left panel, while the threshold munication and some preliminary comparisons that we
changes at the seven additional frequendgieg, —3, —3, made between calibrations performed at room temperature
—1, 0, 1, and3 octaves relative to the initial notch frequeicy and at body temperature. We observed phase shifts in the
are shown in the right panel. At 2 kHz and belgeft  source impedance and source pressure as the temperature
pane), the mean threshold change at the standard frequenvas raised from room temperature to body temperature.
cies is about 1 dB or less for both SPL and SIL measures ofhese phase shifts were larger at higher frequencies and
threshold. The difference between SPL and SIL is less than Were consistent with the increased speed of sound due to the
dB at 2 kHz and below. The mean SPL change decreases ligmperature increase. More importantly, negative conduc-
about 3 dB at 4 kHz and increases by about 3 dB at 8 kHztance values occurred less frequently in our initial tests when
These deviations are probably due to the reflection of sounthe probe calibration was performed at the same temperature
waves at the eardrum. The mean SIL change is less thands the test load. While this result was not definitive, it did
dB at 4 and 8 kHz. suggest that heating our calibration tubes to body tempera-
A greater contrast between the mean SPL change anure for this study might be worth the effort.
the mean SIL change is seen in the right panel of Fig. 7. The  Others have demonstrated that probe calibration is pos-
fact that the SPL change is negative for frequencies belowible using only two acoustic load®.g., Rosowskiet al,,
the initial notch frequency is evidence of the downward shift1990; Puriaet al, 1997; Lynchet al, 19949. The two-load
of the notch frequency by about octave for the second method was not used in this study because it was not known
probe insertion. The mean SPL change is most podifitel ~ whether the unevenness and inconsistency of the foam tip on
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the ER-10C would interfere with the accurate determinatiorkHz. There may be several reasons for this discrepafigy:
of effective tube lengths. There was also some concern aboithe occluded ear simulator used in the ANSI standard might
the effect of temperature on the calibration. When the tubeot be representative of the average ear canal of our subjects.
lengths are determined by an iterative procedure, a smallote that below 8 kHz, our group means are closer to Kil-
error in the temperature specification can be partially cordion’s MAP than the RETSPL. Killion's MAP values have
rected by adjusting the effective tube length appropriatelybeen confirmed in a comparison with other studiéslbur
The only successful probe calibrations for the ER-10C thakt al, 1989 and may be more reliable than the ANSI
were known at the time that this study was initiated wereRETSPL values.(2) Our technique measures SPL at the
those of Allen(personal communicatigrusing four tubes  probe whereas ANSI standard and Killion’s MAP both refer
and Keefe(personal communicatigrusing six tubes, which  to SPL at the eardrum(3) The average threshold of our
formed the basis for the selection of five tubes for this studysubjects was probably not exactly 0 dB Kiie: ANSI, 1996

An independent calibration of the ER-10C probe wasat all frequencies. We did not obtaistandard clinical au-
recently reported by Huanet al. (1998. Huanget al. rec-  diometric thresholds on these subjects because the focus of
ommend that the ER-10C probe be modified to extend thenjs experiment was on threshold changes rather than abso-
microphone tube 3—4 mm beyond the earphone tube to rqgte thresholds. Finally(4) there may be errors or biases in
duce evanescent effects, which were found to be significaryr threshold measurement methods. One possible source of
(see also Rabinowitz, 1981This may represent a source of measurement error is subject inattention. Failure to respond
calibration error in the present study, since we did notq gudible tones inappropriately elevates the threshold esti-

modify the microphone tube in this manner. For example, thenate obtained by our automated threshold procedure. An-

small phase errors we observed between measured and Cglner possible source of measurement error is the deviation
culated impedance valuésee Fig.  might be due to eva-

of the ER-10C microphone calibration from a constant value.
nescent effects. ) ) ) ) In our calculations, we assumed that the microphone sensi-
The probe calibration procedure used in this study ap7[ivity was 0.05 V/Pa at all frequencies. The calibration chart

pears to be efficient and reliable in most cases. However, t  this microphone supplied by the manufacturer indicates

large number of subjects fpr Wh'.Ch negative conductancghat the error in this assumption is at most 1 or 2 dB over the
values occurred at frequencies of interds€ out of 61 sug- Hequency range of intere¢d.5—8 kH2

gests that some improvement in this method is warrante In Fig. 4, we compare our measured conductance values

?eforle ':] |s-ad|opted tfo_r ;outlnhe uset; Incr(]) rp.oralltlon dOfl.‘;dd"for one subject with the third octave conductance values ob-
lonal physical constraint¢perhaps by physical modeling tained by Keefeet al. (1993 for the mean of ten subjects.

g]eaeyn ?lialfefﬁlé st;\hrﬁer;?/tljletsh;c: ;T(ilfc)i(gg:meg Z\'IJ%L.tdctze\l,vviiﬁelow 2 kHz, the conductance values obtained by Keefe
y ) et al. are similar to those obtained by Mer (1960, who

i i hat th in eff . .
negative conductance, sugge_stmg that t € main € ects Wélelso presented the mean of ten subjects, but did not measure
observed were robust. Including all 61 subjects in the data

: . . above 2 kHz. The mean conductance values of Kegfa.
analysis(by setting a minimum value for the conductance

gives a more realistic assessment of the results that can l%) not show the d'Stm?t peaks and dips that are apparent in
obtained by currently available methods. the conductance of a single ear canal; however, an average of

The Thevenin acoustic source pressure and impedan Qe goqductancg values we obtained in all 61 subjects would
e similar to their mean value.

shown in Figs. 1 and 2 have not previously been publishe N
for the ER-10C; although source reflectance, derived from In-the-ear pressure calibration is the method currently
the source impedance, has been published by Kd&@a7). used by most commercial DPOAE measurement systems.

Informal comparisons were made of the Thevenin source im>/€9€! (1994 has shown that such calibration can lead to
pedance shown in Fig. 2 with that obtainégsing similar significant errors in the mea_sured DPOAE amplltude_s. The
method$ by Allen (personal communicationand Keefe [€ason for the DPOAE amplitude errors is that the stimulus
(personal communicatiorfor the ER-10C. Results of these |€VelS measured at the plane of the probe were not always a
comparisons indicate as much as a factor of 3 differencg00d indication of the stimulus level at the eardrum. The
between the lowest and highest impedance values at af§Sults shown in Figs. 5 and 7 indicate that in-the-ear inten-
given frequency. This discrepancy is about the same as ity calibration would not have the same problems as pres-
range of values across the 61 probe calibrations obtained #Hre calibrations and could, therefore, lead to more reliable
this experiment alone. The variability in results among theséneasures of DPOAE amplitude because the stimulus level
probe calibrations can be attributed to variations in the earwould be more reliably determined. This improvement in
tip, instabilities in the analysis methods, and, in the compariaccuracy of the stimulus level is obtained despite the prob-
sons with Allen’s and Keefe’s results, physical differenceslems with current methodésuch as negative conductance
among the different ER-10C probes. Significantly betterdescribed above.
agreement among source impedance estimates should be One disadvantage of using in-the-ear intensity calibra-
possible with improvements in the methods used to derivéion is the additional timg¢5—10 min required to recalibrate
the Thevenin source characteristics. the probe before each ear canal measurements. It is, there-
In Fig. 6, the difference between the ANSI standardfore, of interest of know whether similar results could be
RETSPL and the mean value of our measured SPL at threslobtained with fewer probe calibrations. We repeated the
old is about 4 dB at 500 Hz and increases to about 8 dB at 8nalysis using the same probe calibratitire one illustrated
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in Figs. 1, 2, and ®for all ears. The mean SPL and SIL pressure leve(SPL) in the ear canal. Above 2 kHz the in-

values for the change in threshold were within 1 dB of thethe-ear SIL measurement appears to provide a better indica-

values shown in Fig. 7, despite a much more frequent occuttion of the level of sound entering the ear than in-the-ear SPL

rence of negative conductance values. Thus, it appears thaalibration, judged by the sensitivity of behavioral thresholds

in-the-ear SIL calibration retains its advantage over SPLlto changes in probe insertion depth. Coupler calibration may

calibration even with a single probe calibration. be better than in-the-ear SPL calibration, but does not appear
An alternative to in-the-ear calibration is to calibrate theto be as good as in-the-ear SIL calibration. Below 2 kHz, SIL

probe in an occluded ear simulator or other coupler attachednd SPL calibrations appear to perform equally well.

to a calibrated microphone. With this method, the voltage
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