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A systematic improvement in auditory performance over time, following a change in the acoustic
information available to the listenéthat cannot be attributed to task, procedural or training effects

is known as auditory acclimatization. However, there is conflicting evidence concerning the
existence of auditory acclimatization; some studies show an improvement in performance over time
while other studies show no change. In an attempt to resolve this conflict, speech recognition
abilities of 16 subjects with bilateral sensorineural hearing impairments were measured over a
12-week period following provision of a monaural hearing instrument for the first time. The
not-fitted ear was used as the control. Three presentation levels were used representing quiet,
normal, and raised speech. The results confirm the presence of acclimatization. In addition, the
results show that acclimatization is evident at the higher presentation levels but not at the lowest.
© 2003 Acoustical Society of AmericdDOI: 10.1121/1.1577556

PACS numbers: 43.71.Ky, 43.71.Pc, 43.64.TSVT]

I. INTRODUCTION performancgwas measured in noisy or reverberant listening
conditions. However, in a low-noise background there was a
With the provision of amplification, the hearing- statistically significant increase in mean benefit over time of
impaired listener receives newly available speech cues th&%—6%. There was no control group, so it is not clear if the
were previously inaudible. In addition, cues that were previimprovement was due to practice from repeated use of the
ously audible are shifted towards the higher intensity end ofame test material. In a further study, Ceixal. (1996 in-
the auditory neural representation. These changes may ingtuded experienced hearing instrument users as a control.
mediately confer greater intelligibility. However, provision The experimental group of 22 new hearing instrument users
of amplification may result in additional improvement in per- was fitted monaurally and tested at the time of fitting and 12
formance over time, possibly as a result of reorganizationyeeks later. The mean benefit on CST increased from 4% at
within the auditory cortex. This improvement over time is the time of fitting to 8% 12 weeks later; there was no im-
known as auditory acclimatization and has been defined byrovement in the control group. The change in benefit was
Arlinger et al. (1996 as “A systematic improvement in au- dye to an increase in aided performance with no change in
ditory performance over time, following a change in the ynajded performance.
acoustic information available to the listener. It involves an In 1992, Gatehouse used the Four-Alternative Auditory
improvement in performance that cannot be attributed {Feature(FAAF) test to track performance over a 12-week
task, procedural or training effects.” Evidence for auditory hnstfitting period in four new hearing instrument users fitted
acclimatization after prolonged use of acoustic hearing aid?nonaurally. Benefit increased from 5% at the time of fitting
is mixed; some authors state the acclimatization effects arg, greater than 15% at 12 weeks postfitting; the improvement
small or nonexistentTurner and Bentler, 1998For a re-  commenced at around 6 weeks postfitting and was due to
view, see the articles by Turnert al. (1996 and Palmer i an increase in the aided condition and a decrease in the
etal. (1998. , , o unaided condition. No improvement in benefit was observed
The most frequently cited acoustic hearing instrumenty, y,o not fitted(contro) ear of these monaurally aided sub-
studies providing evidence of auditory acclimatization 'n'jects. In a subsequent experiment, Gatehd@§63 refitted
clude Cox and Alexandef1992, Cox et al. (1996, Gate- 36 experienced hearing instrument users with a new instru-

house(1992, 1993 and I_—|orwi_tz and Turne(199_7). Cox ment that provided greater high-frequency amplification than
and Alexande(1992 studied eight new hearing instrument their previous one. Aided performance was measured on the
users and four experienced users fitted with new instrument&AAF test at 0, 8, and 16 weeks after the new fitting. Mean

gpeecﬂ _I_re;:(t(():gsn_;;lortl tr\]Na? mea]:sf%tr_ed usc'jngo the Ic(:omedes%ores with the old and new hearing instrument were similar
peech 1€ at tne time of fiting and 19 weeks 1ater. initially but increased significantly by 2.3% at 8 weeks and
No significant change in mean bendfided minus unaided 4.4% at 16 weeks

Horwitz and Turner(1997 compared 13 new hearing

dportions of this work were presented at the British Society of Audiology instrument users fitted monaurally with 13 experienced hear-

, Experimental Short Papers Meeting, Oxford, UK, September 2001.  jnq instrument users as the controls. Speech recognition was
Now at: Human Communication and Deafness Group, School of Educa- .
tion, University of Manchester, Manchester M13 9PL, UK. Electronic measured over 18 weeks using the Nonsense Syllable Test

mail: kevin.j.munro@man.ac.uk (NST) with the hearing instrument at a fixed initial gain set-
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ting and at the subject’'s daily adjusted gain setting. Therdenefit over time as a function of presentation level. The
was a gradual increase in mean benefit from around 6% atlternative hypothesis is that improvements are greater at the
the time of fitting to around 14% at 18 weeks for the fixed higher presentation levels and negligible at the lowest level.
gain setting in the new users. This was due to increases ilm order to remove hearing instrument gain setting as a con-
aided performance rather than reductions in the unaided pefeunding variable, subjects are fitted with linear amplifica-
formance. A similar finding was reported for the user-tion with the gain control disabled for the duration of the
adjusted gain setting. There was no improvement in the corstudy.
trol group.

_By contrgst, .sev.erallstudlgs have failed to demonstratﬁ_ METHODS
auditory acclimatization, including Bentlet al. (1993, Hu-
meset al. (1996, 2002, Munro and Lutman(2000, Saun- A. Subjects

ders and Cienkowski1997, Surret al. (1998, and Taylor  gjyteen subjects were recruitéth male, 6 femalgwith
(1_993. There_are at least three po_SS|bIe explan_at|on_s for thisy, mean age of 70 years (stb.5). The sample size was
First, the subjects may have had little opportunity to Improvecacylated for paired data with a mean difference of 4% and
over time due to mild hearing lod3aylor, 1993, previous 5 standard deviation of the difference of 5%. Fifteen subjects
experience of a hearing instrume(@entleret al, 1993, or  \yere required for a statistical power of 80% at a two-tailed

limited use (Taylor, 1993; Bentleretal, 1993. Second, gjgnificance level of 5% using Studentsest, but 16 were
Robinson and Summerfield 996 suggest that the negative recryited to allow for attrition. No subjects withdrew from
findings may be due to the specificity of per(_:eptual learningipe study and no subjects missed any test session.
the test methods employed may not have picked up changes gypjects were all first-time hearing instrument users re-
that had occurred. Third, findings may relate to the presencryited from the local hospital audiology service. They com-
tation level of the test material used to demonstrate acclimap|ained of hearing disability, and pure-tone audiometry re-
tization. The main focus of the present study is this thirdyegled a symmetrical, mild-to-moderate, sloping, high-
possibility. frequency sensorineural hearing impairment. Exclusion
Munro and Lutman(2000 used very similar methodol-  criteria included an asymmetry in air conduction thresholds
ogy to Gatehous€1992, but did not show an improvement of greater than 15 dB at two or more frequencies, an air—
in benefit over time. One difference between the two Studieﬁone gap greater than 15 dB at any test frequency, and ab-
is that Munro and Lutman used a presentation level of 58 dByormal middle-ear function assessed using oto-admittance
SPL, whereas Gatehouse used a presentation level of 65 didiometry. Prior to hearing instrument management, sub-
SPL. This difference in presentation level is reflected in qutS were interviewed and informed that the aim of the ex-
difference in the mean initial benefit score between the studperiment was to investigate the benefit provided by a single
ies (14% for Munro and Lutman but only 5% for Gate- hearing instrument; however, they were naive to the changes
housg; at higher presentation levels the unaided speech igxpected over time. The study was approved by local hospi-
already audible so the difference between the aided and umal and university ethical committees.

aided score is small. The dependence of acclimatization on  Table | summarizes hearing thresholds and uncomfort-
presentation level can be rationalized as follows. Consider able loudness levels, showing symmetrical, high-frequency
subject who experiences speech in everyday life over theensorineural hearing impairments with reduced dynamic
range 55-75 dB SPL before fitting and 75-95 dB SPL afterange. The mean change in hearing threshold level between
fitting (i.e., the hearing instrument provides 20 dB gaior  the beginning and end of the stufipitial minus final mea-
simplicity, the shape of the gain/frequency response curve isurement was 0 dB (s.d-6 dB). Over 80% of hearing
not considered here. If speech test materials are presentedthtesholds changed by less than 5 dB at each audiometric
55 dB, they are amplified to 75 dB and hence there is littlefrequency and 90% changed by less than 10 dB; this is con-
difference compared to that experienced before amplificasistent with audiometric test—retest differences reported in
tion. However, if material is presented at 70 dB and ampli-the literature(for example, Robinson, 1991
fied to 90 dB, this reaches a level not previously experienced Each subject received standard shell earmolds to which
for normal speech. The organism must adapt and reorganize parallel 0.8-mm vent was added. This is standard clinical
to discriminate and utilize the speech cues that are nowractice to equalize pressure and avoid a build-up of mois-
coded into an unfamiliar part of the neural representation ofure in the ear canal: it is likely to have a negligible effect on
sound. It is proposed that this process of reorganization urthe low-frequency gain of the amplified sound path. The
derlies the phenomenon of auditory acclimatization. In thesame model of hearing instrument was used for all subjects:
foregoing example, reorganization would be required to disPhonak Sono-Forte 331X-L PiCS which is a miniature, high-
criminate speech presented at 70 dB but not at 55 dB. gain, digitally programmable BTE hearing instrument. It has
The aim of this study is to test the hypothesis that audi-a three-way audio filter allowing considerable flexibility
tory acclimatization is only revealed when testing involveswhen tailoring the frequency response. It can also store three
using speech materials at higher presentation levels. This grograms that can only be accessed using a hand control. The
achieved by measuring aided and unaided speech recogniti@nbjects were not issued the hand control and were therefore
performance in newly aided subjects at three different speectinable to change programs during the study. The fittings
presentation levels repeatedly over 12-weeks postfitting. Thevere all monaural, which allowed the not-fitted ear to be
null hypothesis is that there are no differential changes irused as a control. The not-fitted control ear underwent the
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TABLE |. Summary of audiometric data for the subjects. The table includes the mean air conduction, not-masked bone conduction hearing thigshold leve
and mean uncomfortable loudness levels. One standard deviation is given in bracké®) (

Frequency 0.25 0.5 0.75 1 15 2 3 4 6
(kHz)
Air conduction(dB HL)
Fitted ear 33(12) 34 (16) 38 (14) 44 (12 50 (10) 53 (8) 60 (9) 64 (6) 71 (9)
Control ear 34(11) 36 (13 38 (13 44 (11 49 (9) 52 (11 58 (10) 62 (8) 67 (12
Bone conduction (dB HL)
Not-masked 30(13) 35 (8) 50 (11) 55 (7)
Uncomfortable loudness levedB HL)
Fitted ear 102(11) 101 (10 104 (12 108 (14
Control ear 101(10) 100 (11) 105 (11) 111 (13)

same test protocol as the fitted ear using the subjects’ owather studies have reported a similar reduction in user gain
hearing instrument. The only difference between test andompared to NAL-RM target valuedHumeset al,, 2000.
control ears was wearing of the instrument between sessionSince the gain control was disabled for the duration of the
It was important to have a control condition because in-study, special care was taken to avoid exceeding uncomfort-
creases in performance might otherwise be explained bgble loudness levels. The maximum output was set close to
practice effects due to repeated exposure to the test materiaincomfortable loudness level and adjusted if the subject re-
However, since both ears had identical opportunities foported any undue discomfort. The mean real-ear saturation
practice with the test materials, taking the difference betweenesponse was set around 104 dB SPL using mainly peak-
scores on the two ears gave a robust measure of acclimatitipping output limiting. These settings were entered into
zation. Some subjects expressed a clear preference for earrrtemory one of the hearing instruments since this was the
be fitted: the fitted ear in the remaining subjects was selectedefault memory used by the subject in their home environ-
at random. Six subjects were fitted in the right ear and tement.
subjects were fitted in the left ear. The earmold for the earto  The REIG and the HA2 2-cc coupler gain were mea-
be the control ear was retained in the laboratory and nosured at the time of fitting and again at 6 and 12 weeks
given to the subject. postfitting. The results are shown in Table Ill. The mean
The hearing instrument response was tailored to thehange in gain was less than 1 dB. The standard deviation
NAL-RM target values(Byrne and Dillon, 1986 using the  was higher for insertion gain than for 2-cc coupler g@ympi-
real-ear insertion gaifREIG) protocol on the Rastronics cally 2.5 and 1.5 dB, respectivelyWhile it is possible that
Portarem 2000 probe-tube measurement system. This irthere were real changes in REIG, the most likely explanation
volved measuring the real-ear unaided response and subtra-that probe-tube measurements are inherently more variable
ing it from the real-ear aided response for each subject. Tabldan coupler measurements. There are no studies available
Il shows the mean target valués 1 s.d) for the fitted ear that report long-term test—retest variability for REIG; how-
along with the best match to target. The mean target gaiever, the standard deviations in the present study are typical
from 1-4 kHz(where the hearing impairment is greajast  of those reported for short-term test—retest data by Hawkins
22-23 dB. There is very good agreement between the target al. (1991). Thus, each subject was provided with relatively
values and the best match: the mean difference is typicallgonstant gain.
less than 1-2 dB. Also shown is the user-gain setting that
was fixed for the duration of the study. The subjects WereB Test il
free to adjust the gain control of the hearing instrument dur-" est materials
ing the first few days after fitting before returning to the The speech recognition test used was a digitized version
laboratory to have this disabled at their preferred user-gainf the Four-Alternative Auditory FeaturéFAAF) test, as
setting. All adjustments were made within 7 days of fitting. used in acclimatization studies of Gatehoui$692, 1993.
The mean user gain was 4 dB below the target gain from 1-Zhe FAAF test is a forced-choice word recognition task
kHz. It is possible that subjects may have been conservativieased on the rhyme test principle, described by Foster and
in selecting their preferred gain because they were aware thétaggard(1979, 1987. It consists of 20 sets of four mini-
this would be fixed for the duration of the study. However,mally paired words, each based on two binary auditory/

TABLE Il. Mean real-ear insertion gaif@B) at NAL-RM target, best match to target and at the preferred user
setting, as a function of frequency, in the test ear. One standard deviation is given in brackets.

Frequency
(kHz) 0.25 0.5 0.75 1 15 2 3 4

Target@B)  3(3.4 10(6.6 16(5.7) 22(51) 23(42 22(3.2 23(25 24(2.7)
Match(dB) 328 8 (7.5 16(47 2146 24(51) 24(45 2325 22(4.2
User (dB) 119 362 12(52 1746 20(65 20(6.1) 1925 17(4.7)
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TABLE Ill. Mean change in gairidB) at the user setting, relative to the time of fitting, for the fitted ear. One
standard deviation is given in brackets.

Frequency(kHz) 0.25 0.5 0.75 1 15 2 3 4

Real-ear insertion gain
Week 6(dB) 0(7 027 0(1.8 029 0 (2.0 0 (2.7 0 (2.9 1@12.7
Week 12(dB) 023 0219 1177 0(@22 115 0B3 -1(@27 2 (3.6

2-cc coupler gain
Week 6 015 014 -1(12 012 -1(16 -1(14 -1(16 -1(15
Week 12 11.0 2 (1.9 0(1) 0(H 0(13 -1(16 -1(10 -1(9

phonetic distinctions, giving an 80-item vocabulary. The“raised” speech for male speakers of 56, 61, and 68 dB SPL,
items in a set differ on either initial or final consonant, andrespectively, with female speakers approximately 2 dB
hence the test is particularly sensitive to high-frequency autower. Therefore, the FAAF test was presented at overall
ditory capabilities. The key words occur in the context of thelevels of 55, 62, and 69 dB SPL to approximate quiet, nor-
carrier phrase, “Can you hegkeyword clearly?” One item mal, and raised speech.
is presented acoustically in the carrier phrésgoken by a The mean Speech Intelligibility Indg§Il; ANSI, 1997
male speakerand the subject’s task is to select the correctvalues for the aided and unaided condition were used to pro-
word from the choice of four shown on a touch-screen monivide a guide to changes in audibility for each presentation
tor. The frequency spectrum of the key words is shown inevel and are shown in Table IV. The equivalent speech spec-
Fig. 1 in comparison with the frequency response of convertrum level of the FAAF test was based on overall levels of
sational speeclifrom ANSI, 1997. The FAAF key words 55, 62, and 69 dB SPL for the key words. The SIl assumes
show slightly more emphasis at the high frequencies comthat the speech area covers a dynamic range of 30 dB. The
pared to the conversational speech. Sll is the weighted sum of band audibility where the weight

The FAAF materials were replayed from a standard 16+anges from zero to 1 and represents the relative importance
bit computer sound card, at a sample rate of 20 kHz, routedf each frequency band to the understanding of speech. For
via a Grason-Stadler GSI 61 clinical audiometer to a Fostexecognizing nonsense syllables, the band around 2 kHz is
6301B loudspeaker. They were presented against a backaost important; for recognizing sentences, the band around
ground of steady noise that was filtered to give a similar0.5 kHz is most important. The band importance function for
long-term spectrum to key words and delivered by the samée FAAF test has not been determined but is likely to be
loudspeaker. The spectrum of this noise is also shown in Figsimilar to that for nonsense syllables. The Sll includes a
1. The loudspeaker was located at an azimuth of 0° and kevel distortion factor(LDF) to account for the deterioration
distance of 1.5 m from the subject. Speech and noise leveis speech performance that occurs when overall level ex-
were defined in terms of the overall SPL measured at theeeds 73 dB SPL. The equivalent noise spectrum of the
reference point, defined as the position occupied by the cerFAAF-shaped noise spectrum was determined for each sub-
ter of the subject's head, with the subject abs€i@8O ject(based on the SNRThe aided values were obtained by
8253-2, 1998

Pearsongt al. (1977 measured the mean speech levels

in a variety of settings and reported “casual,” “normal,” and TABLE IV. Mean Speech Intelligibility Index for the fitted ear. The values
in parentheses incorporate the desensitization correction from Pavlovic
et al. (1986. The equivalent speech spectrum level of the FAAF test was

40 r based on overall SPLs of 55, 62, and 69 dB for the key words. The equiva-
lent noise spectrum of the FAAF-shaped noise spectrum was determined for
each subjectbased on the SNRThe aided values were obtained by adding
the user insertion gain to the speech and noise levels. The band importance

30 F function for nonsense syllables was used in the calculation.

Overall
-

% 2 F Unaided
Q 55 dB SPL 0.08.06
62 dB SPL 0.10.09
69 dB SPL 0.2(0.13

10 Aided
55 dB SPL 0.280.1H
62 dB SPL 0.390.2))
0 ] 1 ] L \ 69 dB SPL 0.4%0.22
250 500 1000 2000 4000 8000
Frequency (Hz) Change(aided—unaided

55 dB SPL 0.19.09
FIG. 1. Octave band levels for conversational speech at 62.35 dB SPL. 62 dB SPL 0.210.12
FAAF words, open circles; FAAF-shaped noise, crosses; conversational 69 dB SPL 0.20.09

speech from ANSI S3.71997, filled circles.

J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 K. J. Munro and M. E. Lutman: Acclimatization and presentation level = 487



adding the user insertion gain to the speech and noise levelsome subjects this may have taken place as late as 7 days
[The values in parentheses in Table IV incorporate the depostfitting. Testing was repeated at 6 and 12 weeks postfit-
sensitization correction from Pavloviet al. (1986 to ac- ting. The order of testing was balanced across subjects and
count for the poorer performance of hearing impaired subtest sessions.

jects compared to normal-hearing subjects for a given level  Each test session commenced with a general discussion
of audibility.] The low aided SllI value at 55 dB SPL indi- about use and progress with the hearing instrument since the
cates that part of the speech envelope remains inaudible ev@evious visit. The subjects returned a diary that included a
after amplification. The small improvement after aiding at asection for self-reported hours of daily use of the hearing
presentation level of 69 dB SPL indicates that much of thenstrument(4, 4—8, 8—12>12 h). Subjects were required to
speech signal was already audible before aiding. The Shvear the hearing instrument for at least 6—-8 h per day. The
values confirm that performance should improve as the preaumber of subjects who reported using their hearing instru-
sentation level increases, especially for the unaided condment more tha 8 h per day was never less than B2%)

tion. during any 1-week period.

Each subject was tested at a fixed signal-to-noise ratio  Next, a listening check was made on the instrument and
(SNR) across all test conditions. A pilot study indicated thatthen electroacoustic tests were carried out to ensure that
a single individually tailored SNR would give a score in the hearing instrument performance did not change. The toler-
range 40%-80% across all test conditions which should bance used was 4 dB of the full-on gaimeasured with an
sufficiently high to maintain subject motivation but avoid input level of 50 dB SP).and OSPL90 measured at the start
ceiling effects. The SNR was determined for each subjeckf the study. In addition, intermodulation distortion was as-
using the adaptive FAAF test strategy described by Lutmakessed using a composite speech-weighted input signal.
and Clark(1986, which targets 71% correct with a speech None of the hearing instruments tested failed the electroa-
presentation level of 62 dB SPL. SNR was defined as theoustic tests and none was operating with observable inter-
difference in decibels between the SPL of the key words anéhodulation distortion for the settings and input levels used in
the SPL of the noise. Subjects then practiced the test at afhe present study. One subject reported a nonfunctioning de-
three presentation Ievels, while the inveStigatOI’ adeSted th@me between test sessions and a rep|acement model was fit-
SNR to compensate for any improvement in performancged the following day. The mean input—output function of the
with practice; this normally involved increasing the noise bynearing instrument was measured using FAAF-shaped noise.
1-3 dB over the course of several practice sessions. Perfofhe hearing instrument was positioned at the reference test
mance was then measured throughout the study at this fixgghsition in the sound field, and the sound-pressure level was
SNR for all speech presentation levels. The SNR rangegheasured in an HA2 2-cc coupler. The output was linear at
from O to —5 dB across subjects with a median value-d  jnpyt levels below 85 dB SPL. As the maximum combined
dB. Subject performance was assessed as the number (@ie| of speech and noise used in the study was 72 dB SPL,
words correctly identified and was expressed as percent COfhere was approximately 13 dB of headroom and hence hear-
rect. A random numbers table was employed to generate difg instruments were not likely to be operating in significant
ferent orders of the 80 items for the multiple presentations;tration for any of the speech input levels used.
involved. _ _ _ The first FAAF list of each session was used as a prac-

Testing was carried out in a quasifree sound fl¢80  {ice run before commencing formal testing. Two FAAF lists
8253-2(1998] with reverberation times<0.3 s when mea- (o 160 wordswere then used for every test condition: this
sured in octave intervals from 0.125 to 4 kHz. The amb'eminvolved two word lists presented at each le(&%, 62, and
noise levels measured at the reference test poiitih the test g9 4g SPL in the aided and unaided condition for each ear.
equipment switched on but subject absemas sufficiently  the supject's own hearing aid was used when measuring
low to have allowed measurement of binaural hearing threshjgeq performance in both the test ear and the control ear. Al
olds in the sound field of O dBmaximum uncertaintytS  tegting was performed monaurally with the nontest ear
dB) from 0.25 to 4 kHZ1SO 8253-2(1998]. plugged and muffed. Benefit scores were obtained by sub-
tracting the unaided score from the aided score. The com-
plete FAAF testing took 100—140 min, including a 20-min

Subjects attended several sessidasually 4—6 each  break. After the last test session was completed, pure-tone
lasting approximatgl 2 h before obtaining their hearing in- audiometry was repeated to check for any change in hearing
strument. This allowed tailoring of the hearing instrumentsensitivity.
frequency response and determination of the SNR required The data were inspected before analysis to confirm it
for presentation of the speech material. It also enabled theas appropriate to use parametric statistics. Statistical analy-
subject to become familiar with the testing procedure andis of the mean benefit, aided and unaided scores, consisted
materials. Once the subjects had completed these practiggimarily of repeated-measures analysis of variance
sessions, they were fitted with the hearing instrument fo(ANOVA), using spssversion 10.0, to determine if perfor-
everyday use. mance changed significantly over the course of the study.

The baseline FAAF tests were performed within 7 daysThe three factors entered into the ANOVA were éast and
of fitting; testing could not commence until the fixed usercontrol, presentation leve(55, 62, and 69 dB SPLand
gain had been established. Data for the initial test session gostfitting time(0, 6, and 12 weeKsThe degrees of freedom
reported as occurring at zero days postfitting; however, fowere modified using the Greenhouse—Geisser correction

C. Procedures
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TABLE V. Mean score(in percent as a function of postfitting time. One 10
standard deviation is given in parentheses-(6).

Postfitting time(weeks 0 6 12 Mean <
Benefit scores %
Fitted ear §
55 dB SPL 19.0(8.5 20.6 (11.0 21.1 (10.4 20.2 (9.9 c
62 dB SPL 8.0(7.8 9.3(9.89 11.2(9.3 9.5 (8.9 o
69 dB SPL 0.0(79 3562 5983 31(7.8 <
Mean 9.0(11.2 11.1 (115 12.7 (11.1) 109 (11.3 6
Control ear
55 dB SPL 17.2(11.2 16.8 (11.9 15.0(13.0 16.3 (119 4 .
62 dB SPL 7.7(9.2 7.3(10.5 8.4 (10.) 7.8 (9.7 0 6 12
69 dB SPL 1.3(6.5 0.7 (11.4 0.0(82 0.7 (8.9 L
Mean 87(11.) 83(12.9 7.8 (121 83 (12.0 @ Postfitling time [weeks]
Aided scores or
Fitted ear s b
55 dB SPL 72.8(4.5 745 (5.1 73.8(5.0 73.7(4.9
62 dB SPL 73.23.8 753 (5.3 75.8(4.9 74.8(4.7 T el
69 dB SPL 71.3(4.9 73.7(4.00 75.0 (3.7 73.3 (4.9 -
Mean 72.5(4.4 745 (4.8 74.9(4.6) 73.9(4.9 T 41
Control ear 3
55 dB SPL 73.0(6.2 72.6 (4.8 70.5(5.6) 72.0 (5.6 £ 2
62 dB SPL 73.9(6.00 73.2 (6.0 71.8(6.2 73.0(6.0 S 0* /
69 dB SPL 72.7(5.8 71.2 (7.7 70.7(7.2 71.5 (6.9 P
Mean 73.2(5.9 723(6.2 71.0(6.2 72.2(6.) ° L1 \.‘
Unaided scores 4 —
Fitted ear 0 6 12
55 dB SPL 53.8(7.9 54.0 (11.7 52.8 (9.4 535 (9.6 (b) Postfitting time [weeks]
62 dB SPL 65.3(6.2) 66.0(7.6) 64.7 (7.5 65.3 (7.0
69 dB SPL 71.3(4.6) 702 (4.7) 69.1(6.3 70.2(5.2) FIG. 2. Mean change in FAAF benefiided minus unaidggdrelative to the
Mean 63.5(9.6) 63.4(10.8 62.2(10.3 63.0(10.2 time of fitting, as a function of postfitting time with speech at(B6cles,
Control ear 62 (squares and 69 dB SPl(triangles. The fitted ear is shown ifa) and
55 dB SPL 56.3(10.3 55.8 (10.1) 55.6 (11.6 55.9 (10.9 the control ear inb).
62 dB SPL 66.3(6.7) 66.0 (7.5 63.3(7.5 65.2(7.2
f/lgegr? SPL gi‘ggg; gg:i 5167_)4; Zg:g Eigg 22:3 2(13'5)2 increased with presentation level. The main effects of ear and

postfitting time(averaged across other factovgere not sta-
tistically significant; however, there was a statistically sig-
when there was a statistically significant deviation fromhificant interaction between ear and presentation level.

sphericity on Mauchly’s test. Again, only the linear component of the polynomial break-
down was significantF(1,15)=16.2; p<0.01]. This inter-
. RESULTS action indicates that the fitted and control ears differ over

time; the fitted ear showed increasing scores while the con-

trol ear showed little change. This was confirmed by inves-
The mean FAAF benefit1 s.d), as a function of post-  tigating each ear separately using a two-fa¢tone [3] and

fitting time, is given in Table V. The mean benefit scores inSPL[3]) repeated measures ANOVA; time was statistically

the fitted ear with speech presented at 55, 62, and 69 dB sHignificant in the fitted ear but not the control éaee Table

at the time of fitting were 19%, 8%, and 0%, respectively.V”)- o ) o )

Similar results were obtained in the not-fitted control ear. Although postfitting time was not significant in the
The study was concerned primarily with changes in benthree-factor  ANOVA, - one-factor (time [3]) repeated-
efit, relative to the time of fittingFig. 2). The scores in- Measures ANOVAs performed separately for each presenta-

creased for all presentation levels in the fitted ear, with in- _ _

creasing presentation level. By 12 weeks, the mean SCOf%é‘BLE VI. Summary of repeated-measures analysis of variance on the
. ' ! enefit scoregn=16]. The three within-subject factors were tirf@], ear

had increased by 2.0%, 3.2%, and 5.9% across the thr

. e , 89, and SPL3].
presentation levels. The corresponding increases in the con

A. Change in benefit score over time

trol ear were all less than 1%. Factor df F Significance
The mean benefit scores were analyzed using a thregs,o 230 0.9 0.42
factor (time [3], ear[2], and SPL[3]) repeated-measures Egar 1,15 1.9 0.18
ANOVA (see Table V. As expected, there was a statistically SPL 2,30 315 <0.01
significant difference in mean benefit score with presentatiorfime" Ear 2,30 6.4 <0.01
. Time* SPL 4,60 11 0.37
level. The ANOVA orthogonal polynomial breakdown re- Ear SPL 2'30 08 0.46
vealed a significant linear componefE(1,15)=36.7,p  Time*EarSPL 460 0.7 059

<0.01] showing that the slope of the curves in Figa)2
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TABLE VII. Summary of simple main effects when the benefit scores from 101

each ear were tested separatphy=16]. The two within-subject factors =
were time[3] and SPL[3]. % 8r
5]
Factor df F Significance 2 °
<C
Fitted ear X 4
Time 2,30 4.1 0.03 3 —u
SPL® 1.4,30 321 <0.01 22
Time* SPL 4,60 0.93 0.45 £,
[
Control ear %
Time 2,30 0.35 0.71 52T
SPLA 1.3,20.2 21.9 <0.01 “ .
Time* SPL 4,60 0.84 0.50 6 12
0
aMauchly test significant; degrees of freedom adjusted using Greenhouse—(a) Postfitting time [weeks]
Geisser correction. 0
. . — . X sl
tion level showed no statistically significant change in ben- g
efit at 55 dB[F(2,30)=0.5, p>0.05], but there was a g ot
statistically significant increase in benefit at 69 dB 5
[F(2,30)=5.6, p<0.01. The improvement in benefit in the L “r
fitted ear over time was not simply due to skewing by asmall § .|
number of subjects; the change in benefit at the highest pre ¢
sentation level ranged from-4% to +19%, with eight 9 0.\‘:\
. . . . c
(50%) subjects showing an increase in excess of the mearg o1 —y
improvement of+5.9%.
-4
0 6 12

B. Aided performance over time (b) Post-fitting time [weeks]

The mean aided and unaided scofesl s.d) from FIG. 3. Mean change in aided FAAF scdfé) relative to fitting, at a speech
which the benefit scores are calculated are also given ifresentation level of Skcircles, 62 (squares and 69 dB SPLtriangles.
Table V. The initial aided scores were around 72% in both' ' fitted ear is shown i@ and the control ear itb).
ears. The changes in score are shown in Fig. 3 for the fitted = L
ear and the control ear. The aided scores increased over tinfitistically significant change at 55 dB~(2,30)=1.2p
in the fitted ear for all presentation levelsy 1.0%, 2.6%, >0.05] but there was a statistically S|gn|f|c_ant increase in
and 3.6% at 55, 62, and 69 dB SPL, respectiveBhanges Penefit at 69 dBF(2,30)=6.5p<0.01]. The improvement
in the control ear were all negative and typically aroundn @lded performance in the fitted ear was not simply due to
—2.0%. skewing by a small number of subjects; the change in aided

The mean aided scores were analyzed using a thre@erformance at the highest present.ation Ievel_ranged_ from
factor (time [3], ear[2], and SPL[3]) repeated-measures 4% 10 +14% with nine(56%) subjects showing an in-
ANOVA (see Table VIIJ. The main effect of ear was statis- Cr€@S€ in excess of the mean improvement-8{6%.
tically significant; the mean scofaveraged across other fac- ) .
tors) in the fitted ear was 73.9% compared with 72.2% in theC- Unaided performance over time
control ear. The linear component of the ANOVA polynomial The mean unaided scorés1 s.d), as a function of

breakdown was significari(1,15)=6.0; p=0.03]. In ad-  postfitting time, are also given in Table V. The initial perfor-
dition, there was a statistically significant interaction be-mance was typically around 55% with speech at 55 dB SPL
tween ear and postfitting timgF(2.30)=15.5; p<<0.01].  but nearer 71% with speech at 69 dB SPL. The change in
This interaction indicates that the fitted and control ears dif-

fer over time; the fitted ear showed increasing scores WhilgABLE Viil. Summary of repeated-measures analysis of variance on the
the control ear showed slightly decreasing scores. Agairgided score§n=16]. The three within-subject factors were tirfig], ear
only the linear component of the polynomial breakdown wag2l: SPL[3].

significant[ F(1,15)=27.0; p<0.01]. Two-factor (time [3]

Factor df F Significance

and SPL[3]) repeated-measures ANOVA performed on each-

ear separatelysee Table IX revealed postfitting time to be E‘me iig g-g 8-?;
statistically significant for each ear, but there was no interac-s;":‘,rl_a 13195 11 0.33
tion with presentation level. The linear component of thetime:gar 230 155 <001
polynomial breakdown was significant for both effited  Time*spPL 4,60 1.3 0.30
ear, F(1,15)=13.4; p<0.01; control earF(1,15)=7.4, p Ear SPL 2,30 0.0 0.99
=0.02]. Time* Ear SPL 4,60 0.4 0.80

Consistent with the benefit data, Wh_en ANOVAS wereayachly test significant; degrees of freedom adjusted using Greenhouse—
performed separately for each, presentation level showed nGeisser correction.
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TABLE IX. Summary of simple main effects on the aided scores when eachTABLE X. Summary of repeated-measures analysis of variance on the un-
ear was tested separatély=16]. The two within-subject factors were time aided score§n=16]. The three within-subject factors were tiig], ear

[3] and SPL3]. [2], and SPL3].
Factor df F Significance Factor df F Significance
Test ear Time 2,30 14 0.26
Time 2,30 7.4 <0.01 Ear 1,15 0.4 0.56
SPL2 1.4,21.2 1.0 0.36 SPL 2,30 42.0 <0.01
Time* SPL 4,60 1.1 0.38 Time* Ear 2,30 0.1 0.89
Time* SPL 4,60 0.6 0.67
_ Control ear Ear SPL 2,30 0.8 0.45
Time 2,30 4.9 0.02 Time* Ear* SPL 4,60 0.6 0.66
SPL2 1.3,30 0.8 0.43
Time* SPL 4,60 0.5 0.75

®Mauchly test significant; degrees of freedom adjusted using Greenhousethe effect of reduced benefit score at the higher level. This is
Geisser correction. expected since performance in the unaided condition is me-

diated mainly by audibility, whereas in the aided condition
score relative to the time of fitting is shown in Fig. 4 for both most speech is audible and performance is limited equally

ears. There was a trend for scores to decrease slightly ovésr all levels by the competing FAAF-shaped noise. The

time for all presentation levels in both ears, but this was noinean benefit scores at the time of fitting were comparable in

significant(see Table X both ears, consistent with the symmetrical hearing loss.
Mean aided performance with speech presented at 69 dB

IV. DISCUSSION SPL was 1%—-2% lower than at the two lower presentation
AS h iy ; he fi ¢ levels. The decrement was small and not statistically signifi-
fit.tingeec recognition performance at the time o cant. Some studies indicate that performance remains con-

stant at high speech presentation levdts example, Du-
The magnitudes of the derived benefit scaoi@ded mi- quesnoy and Plomp, 1983 while others indicate that
nus unaidepl are greater for the lower presentation levels.performance is reducetfor example, Larsoret al,, 2000;
The unaided scores are greater at higher presentation levessudebakeet al,, 1999. This latter “roll-over” effect is pre-
whereas the aided scores are similar across levels; this haamably related to increased upward spread of masking re-
sulting in vowels masking consonants.

10
o\'?
o 8
§ 6l B. Change in benefit over time
3 Following 12 weeks of hearing instrument use there was
% ‘1 a systematic increase in benefit of around 4&veraged
2,1 across presentation levein the fitted ear. There was no
§ change in the control ear. This means that the increase in
e °T\ S — benefit cannot be explained in terms of simple practice ef-
§ 2} "'-\_‘ fects. The significant increase in benefit over time replicates
o - the findings of studies discussed earlier that demonstrate ac-
-4

, . 12 climatization.

Post-fitting time [weeks] The only previous study that used the not-fitted ear as a
control was Gatehousd 992; this also showed no increase
in the control condition. This finding is consistent with the

sl specific nature of perceptual learning discussed by Robinson

and Summerfield1996. Studies where human subjects are
trained on frequency discriminatiofDemany, 1985; Irvine

Al et al, 2000 temporal discriminationWright et al., 1997,

and sound localizatiofWright and Fitzgerald, 20Q1tasks

show there is some degree of specificity to the training

0 stimulus. This suggests that any learning associated with the

provision of a monaural hearing instrument may be specific

to the fitted ear and may not transfer to the control ear.

E

Change in unaided FAAFscore [%]

4 . ' The magnitude of the acclimatization effect observed in
0 6 12 the present study is consistent with most of the previous
(b) Post-fitting time [weeks] studies. The one exception is the study by Gateh¢i882
04 | i 1 1t-
FIG. 4. Mean change in unaided FAAF scafé) relative to fitting, at a t.hat reported a 14% increase in beneflt. at 12 weeks pOStht
speech presentation level of B&rcles, 62 (squarel and 69 dB SPLtri- ting. Gatehouse reported a mean unaided score of around
angles. The fitted ear is shown ife) and the control ear ifb). 71% and a benefit score of around 4% at the time of fitting.
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Similar scores were obtained in the present study with a preb. The influence of presentation level

sentation level of 69 dB SPL. At this presentation level, the

change in mean benefit in the present study was 5.9%. ?1
al

possible_explanation for the apparent discrepancy is the di ctor (time) repeated-measures ANOVAs performed sepa-
ferené:e dm the RI_EIthIr ovllgegBln the two .stl:g|es,tr(]3atehous?ately for each presentation level. The lack of statistically
ptm(\j” grhlapproxm?he ty th morei gan d'fifi n the F?relseniigniﬁcant interaction between presentation level and time
Eut Y- |tshmeansl.f' ad e(rje was al'?rgder ! erthanc_lt_ah!n EV&ccurred because the statistical analysis was underpowered.
etween the ampliied and uhampliied speech. ThiS My, mean gifference between the increase in benefit at 55
mean that more reorganization \_/vas_reqwred b)_/ the SUbJeCEﬁqd 69 dB SPL was 3.8% but the standard deviation was
n th?. Gatehouse study, resulting in greater Improvemeng 39, The higher than expected variability means that the
overﬂl]mg. licati tor clinical i | S statistical power was only around 40%: this resulted in a
€ implications for clinical praclice areé unclear. Sev= ., iajg| risk of a type Il error. Approximately double the

eral authors(for example, Gatehouse, 1997, 1998; Humes, , yper of subjects would be required to increase the statis-
et al,, 2001 have demonstrated that word recognition scoresé-

The results show greater increases in benefit over time at
e higher presentation levels. This is supported by the one-

. . i . . . “tical power to 80%. Alternatively, the effect size may have

n |soI§1t|on, give an mco.mplete representaU_on of hearing ai ncreased if the design had been modified to include a longer
?eneﬂt. n addltlonr; the mcreazt;ln_rrrr]lean 3'ded performaﬂcﬁostfitting time period, a wider range of presentation levels,
or average speech was oniy2.6%. € st y_cannot SPeak o i subjects were provided with greater REIG.

to longer time scales because there is no evidence of perfor-

was that the acclimatization effect with linear hearing instru-

ments differed with presentation level: acclimatization was

shown at a presentation level of 65 and 75 dB SPL but not at
55 dB SPL. While the study has yet to be published in detail,

this finding is consistent with the level-dependent effects ob-
served in the present experiment.

The change in benefit score in the fitted ear was due to  Several previous studies have failed to show an acclima-
both an increase in aided performance and a decrease in utization effect despite using a presentation level similar to the
aided performance, although only the former reached statigtighest level used in the present study. Bengteal. (1993
tical significance. There are mixed findings in the acclimati-used a speech presentation level between 50-60 dB HL.
zation literature regarding changes in the unaided conditioniwhen transformed from hearing level to sound-pressure
The studies by Coet al. (1996 and Horwitz and Turner level, the presentation level is approximately 65—70 dB.
(1997 do not show any reduction in the unaided scores oveHowever, there are potentially important methodological dif-
a 12-18-week postfitting periotalthough a subgroup of ferences between the two studies that could explain the dif-
subjects from the Cowt al. study was reviewed 9 months ference in outcome. For example, Beng¢al.included sub-
postfitting and the results showed a dramatic reduction igects with a relatively mild hearing impairment, some were
unaided performangeThe clearest demonstration of a re- existing hearing aid users, the frequency response failed to
duction in performance in the unaided conditiGapproxi- meet NAL-RM targets above 2 kHz, and the gain control
mately 8% comes from Gatehoug&992. This discrepancy was not fixed across time. Despite these differences, and the
may also be related to the greater amount of REIG providedack of statistically significant improvements in mean perfor-
by Gatehouse. If the fitted ear becomes accustomed to heanance over time, several of the performance meadioes
ing speech at a high amplified level, then over time it will predictability SPIN sentences and NST in ndiseowed an
perform worse at the less familiar level of unaided speech.increase of around 4% at 1—3 months postfitting; this is com-

In addition to the changes observed in the fitted earparable with the present study.
there was a progressive decrease in performance over time in There are a number of additional studies that demon-
the control ear. By 12 weeks, the mean aided scores showetrate a level-dependent effect after hearing instrument use.
a statistically significant decrease of 2.2%, while the unaidedatehous€1989 measured the SNR required for an unaided
scores showed a trend towards reduced performance of 1.4%erformance of 50% on FAAF in 24 monaurally aided sub-
This suggests that the control ear was deprived of adequajects and showed an interaction between presentation level
stimulation relative to the fitted ear. This finding is consistent(65—90 dB SPL and ear. Criterion performance was ob-
with retrospective reports of late onset auditory deprivationtained with a less favorable SNR when the fitted ear was
(see the review by Neuman, 199@lthough it occurred over tested at high levels compared to the not-fitted ear, while the
a much shorter time scale in the present study. However, eeverse occurred at lower presentation levels. This intensity
similar finding was reported by Gatehou$&992, who dependence was taken as evidence that an ear performs most
showed a statistically significant reduction in performance irefficiently at its familiar listening level. The difference in
three out of six test conditions in the control ear over a postSNR between ears at the highest presentation level of 90 dB
fitting time period of 12 weeks. It may be that resourcesSPL was 2.9 dB. The difference in aided score between the
within the auditory system are diverted to subserve the fittedwo ears in the present study, at a presentation level of 69 dB
ear at the expense of the other ear. SPL, was 5.6%(test ear+3.6%, control ear—2.0%). To

C. Changes in aided and unaided scores over time
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allow a comparison with the change in SNR from the Gate-occurred when listening in the presence of the highest noise
house study, these differences in score can be converted inkevels. It is possible that the subject required time to become
differences in SNR using the average FAAF performanceble to extract the speech signal from the high-level back-
intensity function obtained from hearing-impaired subjectsground noise. For this to be correct, the subject would have
as reported by Shields and Campb@D01). At a perfor- to be exposed to high levels of noise in every day life. The
mance level of 70%, a change of 3% occurs for every 1-dB-AAF-shaped noise was used in the study to limit the speech
change in SNR. Therefore, the difference between ears akcognition scores at the time of fitting: it was not selected to
5.6% corresponds to a difference in SNR ears of approxibe representative of everyday listening conditions. Although
mately 2 dB. Thus, the magnitude of change expressed ithe noise levels experienced by the subjects in their daily
terms of SNR is similar to that reported by Gatehouse. environments were not measured, Pearssrel. (1977 re-
In 1995, Robinson and Gatehou€k995 reported the ported the SNRs measured for conversational speech in and
results of a retrospective study that showed that the fitted earound urban homes to be of the orderd to +9 dB. This
of subjects aided monaurally was better able to discriminatés more favorable than the median ef2 dB used in the
intensity than the not-fitted ear at levels above 95 dB SPL; irpresent study. Thus, it appears unlikely that there would have
contrast, the not-fitted ear was better able to discriminatdeen sufficient opportunitiin every day lifg for subjects to
intensity than the fitted ear at lower levels. In 1996, Robin-learn to extract a signal at the negative SNRs used in the
son and Gatehous@996 reported a prospective study that present study. In addition, this does not explain why perfor-
measured the ability to discriminate changes in intensity irmmance decreased over time in the fitted ear when the hearing
five new users of monaural hearing instruments. After 12—18nstrument was removed. It should be possible to design an
weeks of hearing instrument use, the subjects displayedxperiment that involves speech material being presented
level- and frequency-dependent changes in intensity diswith and without masking nois¢but avoiding ceiling ef-
crimination for the fitted ear but not the control ear. Specifi-fecty. If performance were to increase under both condi-
cally, the fitted ear was shown to perform better at high lev+tions, then acclimatization cannot be due solely to the ability
els but worse at lower levels. These changes only occurred &b extract speech from noise.
the frequencies that received material benefit from amplifi- It is interesting to speculate on the physiological mecha-
cation. nism responsible for acclimatization. It is possible that accli-
Gatehouse and Robinsdh996 subsequently reported matization may entail reallocation of resources to areas of
an experiment that showed changes in loudness function ithe auditory system representing high-level stimuli. This is
four subjects who were fitted monaurally. Specifically, consistent with the progressive improvements in intensity
sounds were rated louder in the fitted ear than in the contrdiscrimination reported by Gatehouse and Robin&®96.
ear over the range of intensities studied. Again, the changes With the onset of a hearing impairment, one might en-
were confined to the high frequencies where the hearing invisage that high-threshold regions within the auditory system
strument provided benefit. In the same study, the authors alsnay become underused because the sound levels seldom
reported a single case study where the changes in intensitgach sufficient levels to activate them. This might lead to
discrimination were accompanied by changes in amplitude othe lower threshold regions invading the underused areas due
the N1-P2 complex of the slow vertex cortical-evoked re-to lack of competition from high stimulus levels. After pro-
sponse. At a high intensity level the amplitude was greater irvision of amplification, the auditory system has to reorganize
the fitted ear but smaller at lower intensity levels. Takenor reacclimatize to the range of high signal levels. The effect
collectively, these studies show a level-dependent effect anchay be that the auditory system increases its representation
this has generally been explained in terms of the ear performaf high levels of speech, at the expense of the previously
ing most efficiently at the presentation level to which it haslower unaided levels, in order to make maximum use of the
become accustomed. newly amplified speech signal. This suggests that larger
Before fitting, the ears of the subjects used in the presenthanges in listening level will result in greater reorganiza-
study would be expected to be performing most efficientlytion. This may explain why Gatehouse reported a larger ac-
over the range 55 to 69 dB SPL since this is assumed tolimatization effect in subjects who were fitted with hearing
cover the range of levels experienced in real life. After fit-instruments that provided greater gain than in other studies.
ting, this range will be shifted to a higher level at the ear-Reorganization in the intensity domain is consistent with the
drum; however, there is an overlap between the range afemapping of the relationship between intensity and loudness
levels experienced when aided and unaidexdsed speech reported by Gatehouse and Robins@®96; the greatest
before aiding is similar in level to quiet speech after aiging capacity for discriminating differences in intensity shifts
Hence, only the level of aided speech at 69 dB SPL is “new”from lower to higher intensities as subjects gain amplifica-
to the subjects and it is for this reason that a period of acclition experience.
matization is required for this condition. In summary, it is hypothesized that, after provision of a
An alternative explanation for the maximum acclimati- hearing instrument, the auditory system reallocates its re-
zation effect occurring at the highest presentation level isources in the intensity domain, in addition to changes in the
related to the subject’s ability to extract speech from backfrequency domain. This results in an increased representation
ground noise. Since the SNR was fixed across presentatiasf the behaviorally important speech sounds that are now
levels, the level of noise increased along with the speecpresented at a higher intensity than previously with a corre-
presentation level. Thus, the maximum acclimatization effecsponding reduction in representation of lower intensities.
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These processes take time to occur and can explain the pheatehouse, S1998. “Speech tests as measures of outcome,” Scand. Au-
nomenon of auditory acclimatization. Because the realloca- diol. Suppl.27, 54-60. o
tion in the intensity domain involves the upper end of theGatehouse, S., and Robinson, KL996. “Acclimatization to monaural

. . di i L dilv d hearing aid fitting effects on loudness functions and preliminary evidence
Intensity range, auditory acclimatization is most readily dem- for parallel electrophysiological and behavioural effects,Psychoacous-

onstrated using speech at relatively high presentation levels.ics, Speech and Hearing aidedited by B. KollmeierWorld Scientific,
The present study demonstrates clear acclimatization forSingaporg pp. 319-330.

speech at 69 dB but minimal acclimatization for speech at 55/awkins, D., Alvarez, E., and Houlihan, 01991. “Reliability of three
dB. consistent with the above explanation types of probe tube microphone measurements,” Hear. Iné&ul4—16.
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