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Melcher, J. R., I. S. Sigalovsky, J. J. Guinan, Jr., and R. A. Levine. some estimates, prevents 1 of every 200 adults from leading a
Lateralized tinnitus studied with functional magnetic resonance imaginggrmal life (Coles 1984a; Leske 1981). Tinnitus can occur in

abnormal inferior colliculus activatiod. Neurophysiol83: 1058—-1072, niunction with anv of a wi vari f r di n
2000. Tinnitus, the perception of sound in the absence of external stimCP junctio th any of a wide variety of ear diseases and

| . . . . <
is a common and often disturbing symptom that is not unders.toﬁgor,derj'nCIUd'ng 'mpaf[?ted Cerutmer:, ?COUSUCdneutromla, Me
physiologically. This paper presents an approach for using functiofdf'® S dIS€ase, acoustc overstimulation, and OloSCIErosIS
magnetic resonance imaging (fMRI) to investigate the physiology gFowler 1948; Reed 1960). It also can be associated with
tinnitus and demonstrates that the approach is effective in revealsgmatic disorders involving the upper cervical region or head
tinnitus-related abnormalities in brain function. Our approach as appligslg., whiplash and temporomandibular joint syndrome) (Chole
here includedl) using a masklng_nmse_stlmulus to change tinnitugnd Parker 1992: Claussen and Constantinescu 1995: Rubin-
loudness and examining the inferior colliculus (IC) for correspondingein et a1. 1990). In some cases, tinnitus can be traced to an
changes in activity?) separately considering subpopulations with parig}ternally generated sound (e.g., spontaneous otoacoustic emis-

ticular tinnitus characteristics, in this case tinnitus lateralized to one e A but in th helmi ority of ; lai
3) controlling for intersubject differences in hearing loss by consideri ns), bu In the overwnheliming majority or serious complain-
only subjects with normal or near-normal audiograms,@aiioring the ~ ants, there is no obvious sound source to account for the

experimental design to the characteristics of the tinnitus subpopulatiinitus percept (Fowler 1944; Penner 1990; Sismanis and
under study. For lateralized tinnitus subjects, we hypothesized that souhfiioker 1994). Although many therapies have been proposed
evoked activation would be abnormally asymmetric because of the asyand tried, there is no systematic and proven approach for
metry of the tinnitus percept. This was tested using two reference grotisating tinnitus (Tyler 1997).

for comparison: nontinnitus subjects and nonlateralized tinnitus subjectsAt present, there is no clear view of the neural abnormalities

Binaural noise produced abnormally asymmetric IC activation in evegnderlying tinnitus, although investigations have been aimed at
lateralized tinnitus subjectn(= 4). In reference subjects (= 9), Eg(udying tinnitus-related brain activity in both humans and

activation (i.e., percent change in image signal) in the right versus left . . . . )
did not differ significantly. Compared with reference subjects, lateraliz perimental animals. The animal work has involved perform

tinnitus subjects showed abnormally low percent signal change in the'ftd mampulatlons .that can caus.e.tlnnlltus n hu.mans (e.g.,
contralateral, but not ipsilateral, to the tinnitus percept. Consequenfigoustically overstimulating, administering ototoxic drugs or

activation asymmetry (i.e., the ratio of percent signal change in the ftgh doses of Sallcylate) and assessing the phy5|olog|9al con-
ipsilateral versus contralateral to the tinnitus percept) was significanigquences by measuring spontaneous single- or multiunit ac-
greater in lateralized tinnitus subjects as compared with reference sty (Chen and Jastreboff 1995; Eggermont and Kenmochi
jects. Monaural noise also produced abnormally asymmetric IC actii®98; Evans and Borerwe 1982; Evans et al. 1981; Jastreboff
tion in lateralized tinnitus subjects. Two possible models are presentegiifd Sasaki 1986; Kaltenbach and McCaslin 1996; Kaltenbach
explain why IC activation was abnormally low contralateral to the tinnjst gJ. 1998; Kiang et al. 1970; Manabe et al. 1997; Ochi and
tus percept in lateralized tinnitus subjects. Both assume that the perce@d@ermont 1996: Stypulkowski 1990; Zhang and Kaltenbach
associated with abnormally high (“tinnitus-related”) neural activity in th5998) the spect,ra of gross potenti,als (Cazals et al. 1998:

contralateral IC. Additionally, they assume that eitipadditional ac- . : .
tivity evoked by sound was limited by saturationrsound stimulation Martin et al. 1993, 1996; Schreiner and Snyder 1987), glucose

reduced the level of tinnitus-related activity as it reduced the loudnesdBgtabolism (Kauer et al. 1982; Sasaki et al. 1980; Wall-
(i.e., masked) the tinnitus percept. In summary, this work demonstraf@isser-Franke et al. 1996), of@sexpression (Jastreboff and
that fMRI can provide objective measures of lateralized tinnitus ant®streboff 1996; Wallheser-Franke 1997). A fundamental

tinnitus-related activation can be interpreted at a neural level. limitation in this work has been the uncertainty as to whether
or not the animals under study have tinnitus. The uncertainty is
less in salicylate-treated animals because salicylate uniformly
INTRODUCTION causes tinnitus in normal-hearing humans when serum salicy-
aie reaches sufficiently high levels (Mongan et al. 1973) and
erefore might be expected to result in tinnitus in animals
hen delivered at high doses. A limitation to the salicylate
The costs of publication of this article were defrayed in part by the paymemOdel’ however, is that the mechanisms reSUltmg In tinnitus

of page charges. The article must therefore be hereby magkaeftisement May be quite differ_ent from those underlying tinnitus OT other
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ causes, SO the salicylate results may not be generalizable to

Tinnitus, the perception of sound in the absence of exter
stimuli, is experienced chronically by many individuals and, b
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other forms of tinnitus. The uncertainty as to whether or not @&acace et al. 1995,1999; Levine et al. 1997). Although the PET
animal has tinnitus is a critical issue for animal models usirand fMRI studies have yielded some promising results (see
other manipulations such as acoustic overstimulation or otascussioN, these techniques have by no means been applied
toxic drug treatment because such manipulations in humanssystematically or exhaustively to the problem of tinnitus.
not uniformly result in tinnitus even among audiometrically In the present study, we investigated tinnitus using fMRI
comparable cases (Attias et al. 1993). Although behaviomith two main goals, identifying objective measures of tinnitus
methods have been described for assessing whether animald elucidating the underlying physiology. Here, wede-
have tinnitus (Jastreboff and Sasaki 1994; Jastreboff et stribe our approach for applying fMRI to the study of tinnitus,
1988), there are few physiological data in animals evaluat@ldemonstrate through a particular example that this approach
with this behavioral protocol (Kaltenbach and Heffner 1999%an be effective in revealing tinnitus-related abnormalities in
In human subjects with tinnitus, various noninvasive teclprain function, and) interpret the findings from this example
nigues have been used to probe for tinnitus-related brain @bterms of underlying neural activity. We chose to use fMRI
normalities. For example, there have been numerous reportbetause it is noninvasive, showing endogenous changes in
evoked potentials recorded in tinnitus patients, but only lacal blood oxygenation that are correlated with changes in
fraction have attempted to isolate evoked potential abnormbkain activity (Bandettini et al. 1992; Kwong et al. 1992;
ities related to tinnitus from those related to hearing loss, whi€dgawa et al. 1992); it can be applied repeatedly to subjects
often is associated with tinnitus and by itself can result iwithout dose limitations; it can be used to spatially map brain
highly abnormal evoked potential waveforms (Coats and Maaetivation from cortex down to the lowest levels of the auditory
tin 1977; Coles 1984b; Meikle et al. 1992; Pettigrew et apathway (i.e., cochlear nucleus) (Guimaraes et al. 1998;
1984; Rosenhamer 1981). Even among studies that have célelcher et al. 1997).
trolled for hearing loss, there have been no consistently re-Our approach for applying fMRI to the study of tinnitus has
ported tinnitus-related abnormalities (Attias et al. 1993, 1996kmur main elements:
Barnea et al. 1990; Maurizi et al. 1985; McKee and StephansOne element is to modulate brain activity in ways likely to
1992; Rosenhall and Axelsson 1995). One study of evokesleal tinnitus-related abnormalities that are detectable with
magnetic fields reported an apparently robust abnormaliffJRI. The reason for modulating brain activity is that fMRI
specifically an abnormal amplitude ratio between two respondetects differences in brain activity (i.e., “activation”) between
components (M100 and M200) in tinnitus versus nontinnitunditions (e.g., sound on vs. off conditions) rather than abso-
subjects (Hoke et al. 1989, 1991; Pantev et al. 1989). Unfdute levels of activity (Bandettini et al. 1992; Kwong et al.
tunately, attempts to replicate this result have not been sd®92; Ogawa et al. 1992). At least two lines of thinking suggest
cessful, and whether the lack of replication is attributable to theays for modulating brain activity that might reasonably be
methodological differences between the original and subsspected to reveal tinnitus-related abnormalities. One is based
guent studies (i.e., stimulus timing, task performed by subjects) considerations of what the neural activity underlying tinni-
remains unresolved (Colding-Jgrgensen et al. 1992; Jacob&mmight be and how that activity might interact with external
et al. 1991, 1992; see also Shiomi et al. 1997). Recently, stimuli such as sound (seescussioN. Another line of thinking
evoked magnetic field study taking a different approach resbased on considerations of the tinnitus percept and how the
ported significant differences in cortical frequency organizgercept is altered by external stimuli. For example, in most
tion between audiometrically normal individuals with tonaindividuals, the tinnitus percept can be masked by an acoustic
tinnitus and nontinnitus control subjects (Muickel et al. stimulus (Feldmann 1971; Fowler 1944; Penner et al. 1981),
1998). There also have been reports that some individuals wéthd in some it can be altered by nonacoustic stimuli (e.g.,
tinnitus show an abnormal peak in the spectrum of spontaneaigviation of eye position or pressure applied to different points
gross potentials recorded from the round window or auditoon the head and neck) (Cacace et al. 1994; Giraud et al. 1999;
nerve during surgery (Martin et al. 1996) or abnormalities ihevine 1999; Lockwood et al. 1998; Pinchoff et al. 1998;
transient evoked otoacoustic emissions or distortion prodiRtubinstein et al. 1990; Wall et al. 1987). Presumably, changes
emissions (Attias et al. 1996a; GlgeCroze et al. 1993; Jans-in percept correspond to tinnitus-related changes in brain ac-
sen et al. 1998). However, to date electric potential, magnetieity, so a logical experimental paradigm would involve mod-
field, and otoacoustic emission measurements have nddting the tinnitus percept and looking for corresponding
emerged as proven methods for probing the pathophysiologyobianges in brain activity using fMRI. For the present study, we
tinnitus. chose an fMRI paradigm in which sound (continuous, broad-
Techniques for spatially mapping brain function also haveand noise) was repeatedly turned on and off, resulting in
been applied to individuals with tinnitus. For example, onehanges in the loudness of the tinnitus percept.
positron emission tomographic (PET) study described abnor-A second element of our approach is to divide tinnitus
mally asymmetric activity in the auditory cortices of tinnitusubjects into subpopulations with shared characteristics and
subjects (Arnold et al. 1996). Other PET studies reportegparately consider each subpopulation. This strategy follows
changes in brain activity when tinnitus loudness was modfrem the fact that tinnitus characteristics differ considerably
lated somatically (Lockwood et al. 1998), when tinnitus waamong individuals. For example, the tinnitus percept can be
elicited by deviations in eye position (Giraud et al. 1993jescribed as tonal or noise-like; it can be fluctuating or con-
Lockwood et al. 1999) and, in response to acoustic tinnitgsant; it can be localized to one or both ears, or perceived in the
maskers or injection of lidocaine (a tinnitus suppressor) (Mifzead (Douek and Reid 1969; Fowler 1944; Meikle and Griest
et al. 1999). Functional magnetic resonance imaging (fMRN987; Meikle and Taylor-Walsh 1984). These differences pre-
another technique for spatially mapping brain function, onlyumably correspond to differences in underlying physiology,
has been applied to tinnitus in a few case studies (Cacace 198Y¥ we reasoned that more uniform results could be obtained
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within a given subpopulation with shared characteristics thame of human subjects at the Massachusetts Eye and Ear Infirmary,
across subpopulations. We further reasoned that this gredf@ssachusetts General Hospital, and Massachusetts Institute of Tech-
uniformity would make it easier to identify tinnitus-related0logy. Written, informed consent was obtained from each subject.
abnormalities, hence our strategy of focusing on subpopu a_‘l’h_ree_types of subje_cts were studied: “lateralized tinnitus” _subjects
tions. An additional motivation for adopting this strategy is th dtinnitus largelyubject 3 or completely £, 2,and15) in the right

it should naturall | bhvsioloaical diff betw ear; “nonlateralized tinnitus” subjects had tinnitus in both ears equally
It-should naturally reveal pnhysiological difierences be ee(@ubjects 6and7) or “in the head” slightly right-of-centeisibject 5;

subpopulations and thus provide insights into the correspQy “nontinnitus” subjects eithe) did not have tinnitus except for
dence between tinnitus characteristics and underlying pati@s transient episodes experienced by virtually everysobjécts 8,
physiology. In this paper, we focused specifically on individto, and 12) or 2) had tinnitus that was masked completely by the
uals with tinnitus lateralized to one ear. acoustic noise in the imaging environmestilfjects 9, 11and 14).

A third element of our approach is controlling for intersub- In all of the tinnitus subjects, the laterality of the tinnitus percept
ject differences in hearing loss. This control is important baas stable in thaf) it was constant since tinnitus onset or since
cause hearing loss can result in abnormal activity in the auéinitus first was noticedstibjects 1, 2, 15and 5-7) and/or was
tory pathway (e.g., in response to sound) either by causi ‘@%St;:g g))rifrleﬁ6'3‘;fe(gecéﬁi;;‘?ﬁ%g‘gls;szg:ﬁﬁ;;n; (‘théSr?ngu
f"‘bnofma' patterns of eX(_:ltat_lon ln_the auditory pe.r|phe'ry or B¥um period of time over which all subjects were followed). One
inducing central reorganization (Kiang et al. 1970; Pettigrew g

. . o ividual was excluded from the present report because the laterality
al. 1984; Robertson and Irvine 1989; Willott et al. 1993)y the tinnitus percept was not stable according to these criteria.

Ensuring that abnormalities in brain activity associated with age, sex, handedness, and audiometric results for each subject are
hearing loss do not obscure those associated with tinnigigen in Table 1. Nine of 13 subjects had normal hearing (i.e.,
involves taking two precautions. First, tinnitus subpopulationisresholds were=25 dB HL for all 6 standard audiometric frequen-
should be as uniform as possible in terms of audiometry as wels). The remaining four subjects had some hearing loss, but their
as in terms of tinnitus characteristics. Second, because tinnigygiograms were symmetric (i.e., the threshold difference between
subjects must be compared with control subjects to identi§ft and right ears was=10 dB at each audiometric frequency). Three
tinnitus-related abnormalites, tinnitus and control subjectsthese four subjects had a mile-40 dB), high-frequency loss (at 8

. . - z, subjects 5and 12, =4 kHz, subject 7, and one had a mild,
igggldlggfs?)udllzomﬁ:rlcalIy cotm?aéabltall (e‘tg)." steeh Agtlas et IW-frequency loss£0.5 kHz, subject §. Subjects had no auditory
’ )- For the present study, all subjects had norma 8anlaints other than tinnitus.

near-normal audiograms. S . Twelve subjects had no known neurological disorders or com-
A final element of our approach is tailoring the experimentglaints. The remaining subjec)(had had a left cerebellar astrocy-

design to the characteristics of the particular tinnitus subpopgma removed 6 mo before participating in this study.

lation under study. Because our lateralized tinnitus subjectsTinnitus quality, pitch, and loudness are given in Table 2. Tinnitus
had an asymmetric tinnitus percept, we hypothesized that fM&Jality was reported in a written questionnaire in which subjects were
activation in these subjects might exhibit abnormal asymm@Sked to describe their tinnitus in one or two words. Pitch and
tries. To test this, we compared sound-evoked activation Ipyidness were megsured as follows: for pitch assessments, the subject
lateralized tinnitus subjects with that in two reference group%'brned a dial to adjust the frequency of a tone presented at a comfort-
1) individuals without tinnitus an@) individuals with nonlat- able level. The tone was delivered to either ear and did not mask the

lized (i tic) tinnitus in wh b | tinnitus percept. Subjects adjusted the tone frequency to best match
eralize (i-e., symmetric) tinnitus in whom abnorma| asymmese pitch of the tone to the dominant pitch of the tinnitus. The
tries would not be expected.

oL - . “pitch-match frequency” for each subject was the average result of
For these initial studies, we focused on one particular augree trials (octave confusions were discounted). For loudness assess-

tory structure, the inferior colliculus (IC) because the IC is @ents, subjects adjusted the level of a tone at the pitch-match fre-

major site of convergence for ascending and descending tragisncy to best match tone and tinnitus loudness. Tinnitus loudness is

in the auditory pathway (van Noort 1969) and the IC is eeported as the tone level yielding a match (expressed relative to

compact region{6 x 6 X 4 mm) (Kiang et al. 1984) that can detection threshold at the pitch-match frequency).

be imaged readily in its entirety in a single imaging plane. By 1. Subject characteristics

imaging a single plane, rather than multiple planes, the back

ground acoustic noise produced during fMRI is reduced, thus Subject Age  Sex  Handedness  Audiogram

reducing any effects of this noise on either the tinnitus percept

or sound-evoked activation (Bandettini et al. 1998; Robson léﬁ'f]rn"’}'t'jsd

al_. 1998; Talavage et al. 1999)in our experiments, so_und_ subjects 1 56 = R Normal
stimulation produced abnormally asymmetric IC activation in 2 16 M R Normal
lateralized tinnitus subjects, indicating that our approach can 4 51 F R Normal
reveal tinnitus-related physiological abnormalities. . 15 2r  F L Normal
Nonlateralized
tinnitus
METHODS subjects 5 56 M R Mild loss
) ) ] o o 6 54 M R Normal
Thirteen subjects were recruited from the Tinnitus Clinic at the 7 48 M L Mild loss
Massachusetts Eye and Ear Infirmary or through personal contadtsatinnitus _
The present study was approved by institutional committees on thé&ubjects 8 60 F R Mild loss
9 55 F R Normal
1 There are also approaches for reducing the background acoustic noise 10 21 M R Normal
. T . ; 11 20 M R Normal
during multislice imaging (Edmister et al. 1999; Hall et al. 1999), but these 12 25 = R Mild loss
sacrifice temporal resolution and data-taking efficiency (e.g., see Melcher et al. 14 36 = R Normal

1999).
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TABLE 2. Tinnitus characteristics

Loudness During Imaging,* No. of Lights

Minimum with noise on

Pitch Match, Loudness Annoyance  Maximum with
Subject Quality kHz Match, dB SL Rating noise off Binaural Right Left
Lateralized
tinnitus
subjects 1 Ringing 6.5 5 95 7.0 0.0 0.0 15
2 Ringing 2.2 7 95 5.0 2.0 1.0 4.0
4 Ringing, hissing 0.7 13 50 3.0 0.5 0.0 15
15 Ringing, buzzing 7.0 5 60 7.5 0.0 0.0 3.0
Nonlateralized
tinnitus
subjects 5 Ringing, tonal 8.8 5 10 8.0 7.5 7.0 8.0
6 Ringing 125 10 0 5.0 0.5 15 0.5
7 Hissing 6.5 27 30 7.0 0.0 — —

* Maximum with Noise Off is an average across all noig® periods during functional imaging. Minimum with Noise On is an average across binaural, right
monaural, or left monaural noise\ periods. Values are rounded to the nearest half light.

The annoyance associated with the tinnitus percept, in additionttwy structures, the two inferior colliculi (Fig. 1), and the posterior
the percept itself, differentiated lateralized tinnitus subjects froextreme of both Heschl's gyri. The present study deals only with the
subjects in the other two groups. As part of a written questionnaielliculi; data for Heschl's gyri will be presented in a subsequent
each subject with tinnitus was asked to rate annoyance using a nunhéslication.2) Echo-planar based shimming was performed (Reese et
between 0 (no annoyance) and 100 (severely annoying). Annoyaate 1995). 3) T1-weighted, high-resolution anatomic images were
ratings (Table 2) for our lateralized tinnitus subjects ranged from %@quired of the brain slice to be functionally imaged [repetition time
to 95, as compared with 0—30 for nonlateralized tinnitus subjects afitR) = 10 s; inversion time (Tl)= 1,200 ms; echo time (TE} 75
0-10 for the three “nontinnitus” subjects who had tinnitus that wass; in-plane resolutioss 1.5 X 1.5 mm; thickness= 7 mm]. And4)
masked in the imaging environmerg, (11, and 14, not included in subjects were functionally imaged using a cardiac gating method that

Table 2). increases the detectability of activation in the inferior colliculus
(Guimaraes et al. 1998). Image acquisitions (asymmetric spin echo,
Acoustic stimulation TE = 70 ms, 7 offset = —25 ms, thickness= 6 or 7 mm) were

synchronized to every other heartbeat in the subject’s electrocardio-

The stimulus used during functional imaging was continuous noigeam, resulting in an interimage interval (TR) o2 s. Postacquisi-
delivered either binaurally or monaurally. The noise level was 55 di®n, image signal strength was corrected to account for variations in
sensation level (SL) except in four experiments performed beforeT&® caused by fluctuations in heart rate.
standard protocol was established. These used levels of 35, 40, or 6Bunctional imaging was performed in “runs” (3-9 per imaging
dB SL. Sensation threshold was determined in the scanner?roosession). For each run, images were acquired while continuous noise
immediately before the imaging session. Threshold was defined aswhas turned on for 30 s and off for 30 s for a total of four repetitions.
minimum level at which the noise stimulus could be consistentlijhe noise was binaural, left monaural, or right monaural. Binaural
detected (determined to within 5 dB). The spectrum of the noiswise was used in all 14 imaging sessions; left and right monaural
stimulus at the subject’s ears was low-pass (6 kHz cutoff), reflectingise was used in 10 of 14 sessions.
the frequency response of the acoustic system. One additional imaging session was conducted gisin3 Tesla

Stimuli were delivered through a headphone assembly that akwnner (General Electric, retrofitted for echo-planar imaging by Ad-
attenuated scanner-generated sounds (Ravicz and Melcher 19¢&)ced NMR Systems) instead of a 1.5 T scanner. The purpose of this
Specifically, digitally generated noise was converted to an analogegssion was to pilot our protocol at a higher field strength and test the
signal, amplified, and fed to a pair of acoustic transducers housedéplicability of our findings in one lateralized tinnitus subjett\Who
a shielded box adjacent to the scanner. The output of the transdugerso earlier had been tested at 1.5 T. The methods for this retesting
reached the subject’s ears via air-filled tubes that connected to cou-
plers incorporated into sound attenuating earmuffs. The couplers
linked the tubes to the air cavities under the earmuffs.

) imaging
Imaging plane
Subjects lay supine in a 1.5 Tesla scanner (General Electric) retro-
fitted for high-speed imaging (echo-planar imaging, Advanced NMR
Systems) (e.g., Cohen 1999). To minimize head movements, soft
materials were packed snugly between the subject’s head and the head inferior
coil (General Electric) used for imaging. For each subjgctontig- colliculus

uous sagittal images of the whole head were acquired and used to
select the functional imaging plane. The plane intersected four audi- Superior

2In the scanner room, there is on-going low-frequency background sound Posterior
produced primarily by a pump for liquid helium (used to supercool the
scanner’s permanent magnet). This sound reaches level8®&B SPL in the FIG. 1. Functional imaging plane superimposed on a sagittal anatomic
frequency range of 50-300 Hz (Ravicz et al. 1997). image. Imaging plane (thick white line) intersected the inferior colliculi.
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session were the same as those described above except for the @aggens of interest (ROIs) corresponding to the area of each IC were
tomic (TR = 10 s; TI = 1,100 ms; TE= 57 ms) and functional defined from high-resolution anatomic images of the functional im-
(gradient echo, TE= 40 ms, flip angle= 90°) imaging parameters. aging plane. These “high-resolution” ROIs (1X51.5 mm) then were

Both binaural and monaural noise were used in this session. down-sampled, yielding ROIs with the same resolution as the func-
tional images (3.1xX 3.1 mm). At this lower resolution, the IC
Task typically corresponds to two to four voxels. The voxel with the

greatest percent signal change was identified within each ROI. Percent
Tinnitus and nontinnitus subjects performed comparable tasks dsignal change for this voxel provided a quantitative measure of IC

ing functional imaging. Tinnitus subjects were asked to rate continaetivation; the ratio of percent signal change in one versus the other IC
ously the loudness of the tinnitus percept on a subjective scale rangimgvided a measure of activation asymmetry. Statistical comparisons
from 0 (no tinnitus) to 10 (maximum tinnitus loudness ever experef percent signal change or asymmetry across conditions were made
enced). The ratings were reported by controlling the illumination of 1ising Wilcoxon’s rank sum test.
lights visible to both the subject and experimenters. By turning a knob
held in the right hand, subjects continuously adjusted the number of
illuminated lights to correspond to the current tinnitus loudness ratifgESYLTS
Nontinnitus subjects were instructed to turn all of the lights off when

they heard the noise stimulus, and all of the lights on when they dj S . . e . . . L
not (i.e., iluminate the lights as if they had tinnitus that was ful Hontmnltus, nonlateralized tinnitus,” and, “lateralized tinni-

masked by the noise). Yus” subjects. This activation is described in the following text,

Tinnitus loudness usually decreased when the noise stimuli wdtet for binaural stimulation, then for monaural stimulation.
turned on during functional imaging, and increased when the noisklless stated otherwise, these descriptions pertain to the 14
was turned off. Thus tinnitus loudness typically reached a maximuimaging sessions conducted at 1.5 T rather than the session
during noiseorr periods and a minimum during noisev periods. conducted at 3 T. In our presentation of the results, we group
Maximum and minimum tinnitus loudness are given for each subjegbntinnitus and nonlateralized tinnitus subjects together be-

in Table 2 (expressed as the maximum and minimum number @yse these two groups did not differ significantly with respect
illuminated lights). Although the most common trend was for tinnitug, the results described.

loudness to decrease each time noise was turned on, there were some

exceptions to this rule. For example,sabject 5Jeft monaural noise

had no effect on tinnitus loudness (Table 2). In two cases, tinnitBénaural stimulation

loudness decreased during only some of dheperiods subject 5, . . o
binaural noisesubject 2Jeft monaural noise). In most subjects (6 of Binaural noise produced comparable levels of activation in
7), maximum tinnitus loudness during eaokr period matched (to the left and right ICs in reference subjects (i.e., nontinnitus
within 1 light; subjects land5-7) or exceededXand15) the loudness subjects and nonlateralized tinnitus subjects). This was appar-
at the start of the functional imaging run. However, in the remainingnt qualitatively in activation maps (Fig. 2) and quantitatively
subject 4), tinnitus loudness only partially recovered each time thRom analyses of the percent change in image signal strength
noise was turned off because there was residual inhibition of t ig. 3). Mean percent signal change in the left versus right IC
tinnitus percept (e.g., Feldmann 1983) that lasted longer than the g5 ot significantly different in either nontinnitus subjects

Noise stimulation reliably produced activation in the IC in

duration of theors periods. (left: 1.20 = 0.15; right: 1.16 = 0.12; means*= SE) or
. nonlateralized tinnitus subjects (left: 1.840.07; right: 1.26+
Analysis 0.32;P > 0.05 Wilcoxon’s rank sum test).

To generate activation maps, functional images were processed ai) lateralized tinnitus subjects, binaural noise consistently
follows. First, a standard algorithm (statistical parametric mappingyoduced abnormally low activation in the IC contralateral to
was applied to the images to correct for any in-plane subject motitlve tinnitus percept (i.e., the left IC; Fig. 4). Unlike reference
(Friston et al. 1995). To ensure spatial alignment of activation mapsebjects, percent signal change in lateralized tinnitus subjects
and corresponding anatomic images, all of the functional images fgas always lower in the left IC than in the right IC (4 of 4
a given session were corrected to a reference image acquired imgghjects, Fig. 3). In the right IC, percent signal change in
diately before or after acquiring an anatomic image of the functionglteralized tinnitus subjects (1.22 0.19) versus reference

imaging plane. Functional images then were normalized to a constapnt.: ; ; c i
offset signal strength and corrected for any linear or quadratic driftsg|lr[1}bJeCtS (1.1% 0.12) did not differ significantlyR > 0.05).

image signal strength over the course of each run. For each imagm contrast, n the Ieﬁ IC, perpent Slgnal change was signifi-
session, data from runs using the same stimulus (e.g., binaural nofg@)tly less in lateralized tinnitus subjects (0.210.07 vs.
were combined by concatenating the image sequences for each fuf2 * 0.11 in reference subject®, < 0.02).

Activation maps were derived from these concatenated datasets usinghe ratio of percent signal change in the right versus left IC
a Student’s unpairetitest to compare image signal strength duringroved to reliably differentiate lateralized tinnitus subjects
stimuluson versusorr periods. So activation maps could be superfrom reference subjects (Fig. 5). On average, this measure of
imposed on anatomic images, the activation maps (in-plane resolutigetivation asymmetry was significantly greater for lateralized
3.1 3.1 mm) were interpolated to have the same resolutionX1.5 tinnjtus subjects (1.70+ 0.11) than for reference subjects

1‘im.m) as the ﬁna:tcomic images_+_ d4i . o (1.05 = 0.09; P < 0.01). In addition, asymmetry in every
_Activation In the IC was quantified in terms of percent change ify;aalized tinnitus subject exceeded that for all reference sub-
image signal strength calculated on a voxel-by-vokelsis from the jects

concatenated datasets, Percent Signal Chan@@®,, — S.«)/(average . - . .
of S, and S,) X 100, whereS,, and S, are the mean signal . One lateralized tinnitus subject)(was retested in a second

strengths during stimulusn and orr periods, respectively. First, Imaging session 7 mo after the first and showed comparable
abnormalities in the two sessions, indicating that our results
2 Avoxel is the volumetric analog of a pixel. In our functional imaging dataG@n be feP“Cfited- Because the_ two sessions were conducted at
one voxel had dimensions of 322 3.1 X 7 (or 6) mm. different field strengths and with different imaging pulse se-
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No Non-Lateralized Percent Signal Change in IC
Tinnitus Tinnitus Right vs. Left
Binaural Stimulation Binaural Stimulation 20 Binaural Stimulation )
2 Tinnitus L. Tinnitus .15 ) //
2 16 @ 14 /7
= X7 9/ 1nQg
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Percent Change, |[LEFT|IC

FIc. 3. Percent signal change in the right vs. left inferior colliculus for
binaural noise stimulation. Each point corresponds to a particular subject with
lateralized tinnitus (darkly filled symbols), nonlateralized tinnitus (diagonally
filled), or no tinnitus (unfilled). Stimulus level was 55 dB SL (circles) in all but
4 instances (squares). Value next to each symbol indicates subject number.
Highlighted text for the left IC ) is a reminder that the left IC was
contralateral to the tinnitus percept in lateralized tinnitus subjects. Each data

FIG. 2. Inferior colliculus (IC) activation for binaural noise stimulation inPOiNt is based on 8 min of functional imaging dasalfjects 1@&nd12, circle)
nontinnitus subjectsléft) and nonlateralized tinnitus subjectsght). Each O 12 min of data (all other points). There are 2 data pointsstdsject 12
panel shows a T1-weighted anatomic image (grayscale) and superimpd2ggRuse this individual was studied in 2 imaging sessions.
activation map (color) for a particular subject. Rectangle superimposed on the . . L .
diagramatic ir[;aget:(ottorr) ir?dicates the area shown in eacF;\ panpel. For th@mange in lateralized tinnitus subjects (0.£40.04) was low
activation maps, regions are colored according to the resulttebst com- compared with that for reference subjects (08D.04;P <
parison of image signal strength during naisevs. orr periods, with blue and  0.02; note distribution of data points along horizontal axis in

yellow corresponding to the lowes® (= 0.001) and highes(= 2 x 10"9) Fig. 7,top). A consequence of this abnormally low activation
e

significance levels, respectively. Activation maps, based on functional imag{N b v high d f L for left
with an in-plane resolution of 3.X 3.1 mm, have been interpolated to the as an abnormally high degree of activation asymmetry for le

resolution of the anatomic images (16 1.5 mm). Each activation map is Stimulation, where asymmetry was calculated as percent signal
based on 12 min of data. For nonlateralized tinnitus subjects, the green arrghange in the right divided by the left IC. This asymmetry
on both sides of each panel indicate that the tinnitus percept was not lateralized

to one ear or the other. Stimulus level was 55 dB SL for all but 2 subjects

Inferior Colliculi

(subject 7,35 dB SL; 11, 65 dB). Images are displayed in radiological Laterahzec_l Tinnitus
convention, so the subject's right is displayed on the left. R, right; L, left. . Binaural Stimulation
Subject number is indicated in right lower corner of each panel. Scale bar in lnnitus | g L
lowest panel corresponds to 5 mm. ol

guences that can influence absolute activation levels, we com-
pare only relative measures. For the “retest” session, percent

signal change in the left IC was less than in the right IC, and
the asymmetry index (1.77) fell within the range for lateralized -
tinnitus subjects in Fig. 5. Thus the retest experiment further
# #2

supports our finding of abnormal activation asymmetry for
binaural stimulation in lateralized tinnitus subjects.

=

Monaural stimulation

Monaural noise always produced greater activation in the IC
contralateral, rather than ipsilateral to the stimulus in reference

p = 0,001
subjects (Figs. 6 and 7). On average, percent signal change in N ‘
the IC contralateral to the stimulus was 1.£470.08 as com-
pared with 0.41+ 0.05 for the ipsilateral ICK < 0.001).
Lateralized tinnitus subjects also showed greater activation it
—p=2x10Y

in the contralateral IC for monaural stimulation (Figs. 7 and 8)
.bUt differed from.reference Su.bJeCtS.m tWO statistically signif- FIG. 4. IC activation for binaural stimulation in lateralized tinnitus sub-
icant respects. First, for left stimulation in the IC contralaterg@leis. Green arrows next to each panel indicate that the tinnitus percept was
to the tinnitus percept (i.e., the left IC), mean percent signialeralized mainly to the right ear. Stimulus level: 55 dB SL. See Fig. 2 legend.

Inferior Colliculi
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Fic. 5. Degree of activation asymmetry in the inferior colliculi for binaural stmsions for lateralized tinnitusubject 1were comparable. For
ulation. Using the data in Fig. 3, activation asymmetry was calculated as percent siggth sessions, the asymmetry index for left stimulation was at

change in the right IC divided by percent signal change in the left IC. Each data p

corresponds to a particular subject and imaging session. See Fig. 3 legend.
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aural stimulation were comparable with those for binaural
stimulation in that IC activation was abnormally low contralat-
eral to the tinnitus percept and was abnormally asymmetric.

The second difference between lateralized tinnitus and ref-
erence subjects concerns the relative levels of activation in the
IC contralateral to a right versus a left stimulus. In all four
lateralized tinnitus subjects, activation in the left IC for right
stimulation was less than the activation in the right IC for left
stimulation (Fig. 8). In contrast, this situation occurred in only
two of six reference subjects. Measurements of percent signal
change confirmed these trends. The ratio of percent signal
change in the left IC for right stimulation versus the right IC for
left stimulation was significantly lower in lateralized tinnitus
subjects (0.67+ 0.04) as compared with reference subjects
(0.97 = 0.08; P < 0.05). This abnormal ratio may be attrib-
utable to abnormally low activation in the left IC for right
stimulation, which would represent yet another instance of
abnormally low activation in the IC contralateral to the tinnitus
percept. However, we cannot definitively distinguish among
this interpretation, the interpretation that percent signal change
in the right IC for left stimulation was abnormally high, or a
combination of the two interpretations (see Fig. 7). Regardless
of interpretation, therelative levels of activation in the IC
contralateral to a right versus a left stimulus was clearly ab-
normal in lateralized tinnitus subjects.

The monaural data from the initial and retest imaging ses-

%Rk low end of the range for lateralized tinnitus subjects (5.91

and 4.06). When the additional data point from the retest

index was significantly greater for lateralized tinnitus subjecgession was combined with the others, the mean asymmetry
(10.79 = 3.35) as compared with reference subjects (3t67 index for lateralized tinnitus subjects was lower (9:442.92
0.48;P < 0.02; Fig. 9). Thus the abnormalities for left monvs. 10.79=+ 3.35) but still significantly greater than that for

No Tinnitus

Right Stimulation
R L

Left Stimulation
R L

Non-Lateralized Tinnitus

Tinnitus R L

il e

.. e

Inferior Colliculi

Inferior Colliculi

FIG. 6. IC activation for right and left monaural stimulation in 2
nontinnitus subjectstgp) and 2 nonlateralized tinnitus subjects
(botton). Stimulus level was 55 dB SL. Each activation map is
based on 12 min of data. See Fig. 2 legend.

L Tinnitus

—p=2x10"
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that the approach is effective. Specifically, we found that
lateralized tinnitus subjects were distinguishable from nontin-
nitus and nonlateralized tinnitus subjects on the basis of fMRI
activation in the IC. Both binaural and monaural sound pro-
duced abnormal asymmetries in fMRI activation in lateralized
tinnitus subjects, an observation consistent with the asymmetry
of the tinnitus percept. For both binaural and left monaural
stimulation, the abnormal asymmetries were attributable to
abnormally low activation in the IC contralateral to the tinnitus
percept. For binaural stimulation, the distinction between lat-
eralized tinnitus subjects and reference subjects was particu-
larly clear becausevery lateralized tinnitus subject showed
greater asymmetry than the reference subjects. We attribute the
observed abnormalities specifically to tinnitus because the par-
ticipants in this study had no other auditory complaints and
little or no hearing loss. Clearly, these results must be viewed
as preliminary because the studied sample of subjects was
small. Nevertheless our results indicate that fMRI can provide
an objective, physiological measure of tinnitus in at least some
lateralized tinnitus subjects.

Tinnitus-related activation abnormalities: underlying
changes in neural activity

To understand the fMRI abnormalities in lateralized tinnitus
subjects at a neural level, we first must consider the relation-
ship between fMRI activation and neural activity. Although the
details of this relationship are still being worked out, certain
aspects seem clear. For instance, the activation for a given
voxel presumably depends on the number of neurons in the
voxel that show increases or decreases in activity in response
to the fMRI stimulation paradigm. By “activity” we mean
excitatory and inhibitory synaptic events, and neural dis-
charge$ because these correspond to an increase in neural
metabolism leading to a local increase in blood flow, blood
oxygenation and, consequently, an increase in image signal
strength, i.e., fMRI activation (Bandettini et al. 1992; Fox and
Raichle 1986; Fox et al. 1988; Kwong et al. 1992; Ogawa et al.
1992). In response to a sensory stimulus, image signal strength
takes at least several seconds to reach peak levels (Kwong et al.
1992; Robson et al. 1998), indicating that fMRI is insensitive
to the detailed microsecond timing of neural activity. Given

monaural stimulation. Each panel shows percent signal change in the tl§is view, the tinnitus-related abnormalities we detected with

contralateral vs. ipsilateral to the stimulus with each data point correspond
to a particular lateralized tinnitus (darkly filled symbols), nonlateralized ti

n'f_?\ﬂRI presumably reflect abnormal changes in the overall level

nitus (diagonally filled), or nontinnitus (unfilled) subject. Value next to eacl®f new_al activity in the I1C not detailed changes in the timing
symbol indicates subject number. Highlighted text for the left [C ( LEFT ) i®f activity.
areminder that the left IC was contralateral to the tinnitus percept in lateralized

tinnitus subjects. Each data point is based osubjects 8&nd12) or 12 min

of functional imaging data. Stimulus level: 55 dB SL.

reference subjects (3.6% 0.48; P < 0.02). In the retest

Abnormally low sound-evoked activation: possible

underlying mechanisms

session, the ratio of percent signal change in the IC contralatBecause the abnormal asymmetries for binaural and left
eral to a right versus left stimulus (0.63) was comparable witRonaural stimulation in lateralized tinnitus subjects were spe-
that from the first session (0.69) and near the average for @fically attributable to abnormally low IC activation, we con-
lateralized tinnitus subjects in other imaging sessions (667 Sidered two possible models that might account for this result.
0.04). Thus the retest session fsubject 1supported our Both incorporate the ideas thd) fMRI activation reflects
observations concerning the relative levels of activation in t§@anges in the level of neural activity, as just discussedZnd

IC contralateral to a right versus left stimulus.

DISCUSSION

the tinnitus percept corresponds to abnormally high levels of

“spontaneous” neural activity (“tinnitus-related” activity). One

“We recognize, however, that these different types of activity may have

We have presented an approach for studying tinnitus usifi@erent metabolic requirements and thus contribute to fMRI activation to
fMRI, applied it, and obtained preliminary results indicatingifferent degrees (Nudo and Masterton 1986; Proshansky et al. 1980).
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Lateralized Tinnitus
Right Stimulation Left Stimulation

R L

Tinnitus
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/

FiG. 8. IC activation for right and left monaural stimulation in 4
lateralized tinnitus subjects. Each activation map is based on 12 min
of data. Stimulus level: 55 dB SL. See Fig. 2 legend.
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Inferior Colliculi Inferior Colliculi

of the models also assumes that any further increase in netin& physiological masking and saturation models differ because
activity in response to sound cannot exceed a maximum (“sa&turation cannot result in negative activation.

uration model”). The other model instead assumes that soundodels incorporating either physiological masking or satu-
stimulation reduced the level of tinnitus-related activity wherfation represent two reasonable explanations for our finding of

ever it reduced the loudness of (i.e., masked) the tinnitg§normally low activation in the IC of lateralized tinnitus
percept (“physiological masking model”). subjects but certainly not the only ones. For example, it is

The two models are illustrated in Fig. 10. For both, wB0ssible that both mechanisms occurred i.e., during sound

assume that total neural activity in the IC has two componenR§riods, tinnitus-related activity decreased, while total activity
tinnitus-related activity and sound-related activity, the activitgached @ maximum level. It is also possible that abnormally
evoked by a sound stimulus. For a nontinnitus subject (Fig. 1abw activation reflects nonneural saturation, for example, met-
top), total neural activity is equal to sound-related activity, andoC!ic¢ OF hemodynamic saturation.

Lo ; . o The fact that the models just described agree with our result
fMRI activation reflects the difference in total activity betwee N ;
soundon and soundr conditions in the fMRI paradigm. For 'of abnormally low activation indirectly supports an underlying

I ; . i model assumption, namely that the tinnitus percept is associ-
a tinnitus subject "."r?d Fhe saturation model (Fig. BldI8, 50y yith abnormally high spontaneous activity. Support for
tinnitus-related activity is present during both sowndindorr g idea comes from data in animals manipulated in ways that
conditions. For soundrr, total activity equals tinnitus-related o4 cause tinnitus. For example, electrophysiological studies in
activity because there is no sound-related activity. For souggimals have described salicylate-induced increases in sponta-
on, sound-related activity is the same as in the nontinnitygous activity for auditory nerve fibers (Evans et al. 1981),
subject (Fig. 10fop), and total neural activity would be thejnferior colliculus neurons (Chen and Jastreboff 1995; Jas-
sum of tinnitus-related activity and sound-related activity, exreboff and Sasaki 1986), certain single-unit subpopulations in
cept that neural activity reaches a maximum (i.e., saturates). gximary auditory cortex (Ochi and Eggermont 1996); and neu-
a consequence, fMRI activation is less than normal. For thens in secondary auditory cortex (Eggermont and Kenmochi
physiological masking model (Fig. 1®otton), the situation 1998). In addition, acoustic overstimulation has been shown to
when sound isFr is the same as for the saturation case. Whemoduce abnormally high levels of spontaneous activity in the
sound ison, sound-related activity is the same as in the nomlorsal cochlear nucleus (Kaltenbach and McCaslin 1996; Kalt-
tinnitus subject (Fig. 10top) and, tinnitus-related neural ac-enbach et al. 1998; Zhang and Kaltenbach 1998).

tivity is presumed to be reduced (i.e., “masked”) because theAlthough our fMRI data are consistent with the idea that
sound reduces the loudness of the tinnitus percept. In this cagaormally high levels of spontaneous neural activity are re-
fMRI activation is less than normal because the level of neutated to tinnitus, they do not exclude the possibility that there
activity for soundorr is abnormally high, while that for soundis also abnormally timed neural activity (e.g., abnormal inter-
ON is no greater than in nontinnitus subjects. In fact, if soundpike intervals or an abnormally high degree of intercellular
related activity were less than tinnitus-related activity, totalorrelation) (Eggermont 1990; Mgller 1995). An important
activity would be greater during sourmtr, rather thanon, point, however, is that abnormal timing alone cannot account
periods resulting in “negative” fMRI activation. In this respectior our results.
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Degree of Asymmetry

activation contralateral to the tinnitus percept, is predicted
readily when two ideas are combined. The first idea is that the

_ Left Stimulation tinnitus percept corresponds to abnormally elevated neural
| | | activity which results in abnormally low sound-evoked activa-
20T | | 4? tion (e.g., by “saturation” or “physiological masking”). The
Q O | | second idea is that the tinnitus percept is like external sound in
2= | terms of the spatial pattern of neural activity associated with it.
~‘__°2° 15T l | I For lateralized tinnitus, the percept is analogous to the percept
& '4 1 | | | for monaural sound. Monaural sound produces greater neural
%f) &% . activity in the contralateral, rather than the ipsilateral IC (e.g.,
5 § 10+ | | 0?2 Fig. 6) (Melcher et al. 1997). Therefore we hypothesize that
29 | | | | any abnormal elevation in “spontaneous” neural activity in
S| § | 5@, subjects with lateralized tinnitus is greater in the IC contralat-
LlE st o 14 ' eral to the tinnitus percept. This, coupled with the idea that
~ 1 n 9 | abnormally elevated “spontaneous” neural activity results in
_____ 8 ( USUU B T No suppressed sound-evoked fMRI activation, predicts abnor-
0 Asymmetry mally low levels of sound-evoked fMRI activation in lateral-
ized tinnitus subjects, specifically in the IC contralateral to the
Right Stimulation tinnitus percept. _ _
T | | | For the purposes of the present discussion, we havq oﬁ_ered
Olu sk the interpretation that the side of abnormally low activation
== | | | depends on the laterality of the tinnitus percept. However, our
= 5 T | | | data are equally consistent with the alternative view that the
=i ‘2“ left IC is abnormal regardless of the laterality of the tinnitus
g % 107 | | | percept. This is because all of our lateralized tinnitus subjects
IR | | | happened to have tinnitus in the right ear (and abnormal
S|° o | | activation in the left IC). Further experiments (e.qg., in individ-
=|g 5T 9 uals with tinnitus in the left ear) are required to determine
815 1 251 s 15(4(',.\21 whether or not the side of IC abnormalities is truly correlated
= Kl S L2 o SRR oo foeee with the laterality of the tinnitus percept.
0 No Non-  Lateralized tnnitus-  sound-
Tinnitus Lateralized Tinnitus ;ﬁ‘vtft‘; +;§:f\ffldy=>activity actfff;;lon
Tinnitus (sound ON minus
FiIG. 9. Degree of activation asymmetry in the inferior colliculi for leig) 52;‘13“ E Eﬁoundow)
and right potton) monaural stimulation. Using the data in Fig. 7, activation No —
asymmetry was calculated as percent signal change in the IC contralateral to Tinnitus / \_l_
the stimulus divided by percent signal change in the ipsilateral IC. Each data sound
point corresponds to a particular subject. orFl L L
Abnormally low fMRI activation in response to sound also netivity
has been reported in schizophrenic patients and may be a
consequence of physiological abnormalities similar to those in Tinnitus:
tinnitus subjects. Specifically, it has been reported that schizo- Saturation
phrenic patients exhibit lower levels of sound-evoked activa- Model
tion in auditory association cortex when they are experiencing
auditory hallucinations (voices) as compared with when they
are hallucination-free (David et al. 1996). The lower activation
levels during hallucination were attributed to a reduced dy-
namic range of response in auditory cortex due to an abnor- Tinnitus: sourd ﬁ
mally high level of baseline activity associated with the hallu- Phl\y,ls“’l'{‘fg'ca' —
cinations (i.e., saturation). Alternatively, a physiological Model
masking mechanism might account for the results if the hallu- L

cinations were masked by the sound stimulus. Thus abnormall

high levels of baseline activity may underlie the comple

¥IG. 10. Hypothetical relationship between neural activity and fMRI acti-
fation when there is a sound stimulus and no tinnitap) (or, tinnitus Middle

phantom auditory perceptions experienced with schizophrendad botton). Height of the bars in the 3 columns at thedft in each panel

as well as the simple ones experienced with tinnitus.

Relationship between tinnitus laterality and side of

activation abnormalities

indicate the level of tinnitus-related activity, sound-related activity, and total
activity. Height of the bar in theight-most columrindicates the level of fMRI
activation, i.e., the difference in total neural activity between “sound on” and
“sound off” conditions. For the case of tinnitus, fMRI activation is abnormally
low as a consequence of either saturationd@le or physiological masking
(bottor). With saturation, total neural activity cannot exceed a maximum level.

~ Our finding of abnormally asymmetric activation in lateralwith physiological masking, tinnitus-related activity is reduced when sound is
ized tinnitus subjects, or more specifically, abnormally lown because the loudness of the tinnitus percept is reduced.
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How might tinnitus-related neural activity in the IC arise? hypothesis would be particularly appealing if the tinnitus per-
) ) o cept in our nonlateralized subjects (compared with our lateral-

Sev_er_al possmle scenarios could lead to tmmtus_-re_lat_ed N@xsd subjects) had been less loud (which might correspond to a
ral activity in the IC. For example, the IC may be intrinsicallyower overall level of tinnitus-related activity) or more tonal
normal, but receive abnormal input activity from Iovv_er centeigther than noise-like (which might correspond to fewer neu-
(e.g., dorsal cochlear nucleus, medial superior olivary cofsns with tinnitus-related activity). However, neither the loud-
plex) or higher centers (e.g., medial geniculate body) (Adamgss nor the quality of the tinnitus percept differed systemati-
1979; Osen 1972; van Noort 1969). Alternatively, input to thgs|ly petween the nonlateralized and lateralized tinnitus
IC may be entirely normal, with abnormal activity arisingspjects (Table 2).
becau;e of intrins.ic abnorm_alities (e.g., membrane alterationsypother possibility is that tinnitus originated in fundamen-
that raise the resting potential of IC neurons). gy different ways in our nonlateralized versus our lateralized

A combination of extrinsic and intrinsic abnormalities is alsgnnitus subjects. For example, the tinnitus percept in our
possible, for example if abnormal input activity were to inducgonateralized subjects may have been associated with activity
changes intrinsic to the IC. The plausibility of this scenario ig prain structures other than the IC (e.g., cortical areas only),
supported by work in adult animals demonstrating that reorggance the normal IC activation in the nonlateralized subjects as
nization can occur within the auditory pathway. For examplgompared with the lateralized subjects. Alternatively, tinnitus-
peripheral high-frequency hearing loss can result in abnormal|ated activity may have resided in different pathways in the
tonotopic maps in both primary and nonprimary auditory cofateralized and nonlateralized subjects (e.g., in ascending path-
tices (Rajan et al. 1993; Robertson and Irvine 1989; Schwal@4ys to the central nucleus of the IC in lateralized subjects, but
et al. 1993; Willott et ql. 1993); acoustic overstlmulatl_o_n cafh extralemniscal pathways through peripheral parts of the IC
produce abnormally high levels of spontaneous activity rgy nonlateralized subjects) (Mgller et al. 1992). It is also
corded from the surface of the dorsal cochlear nucleus (Kafpssible that tinnitus in the nonlateralized subjects was asso-
enbach and McCaslin 1996; Kaltenbach et al. 1998; Zhang &fdted with abnormalities in the timing, rather than the level, of
Kaltenbach 1998); months after severing the auditory nerye activity.
unilaterally, 2-deoxyglucose labeling in the cochlear nuclei, Fing|ly, the annoyance associated with tinnitus was always
inferior colliculi, and medial geniculate bodies is left-righjess in our nonlateralized subjects than in our lateralized sub-
symmetric even though acutely such lesions result in asyfaets (Table 2), so annoyance may be a critical factor related to
metric labeling (Sasaki et al. 1980). All of these abnormaliti§e normal activation in nonlateralized subjects versus the
in tonotopic organization and activity level took time to evolveapnormal activation in lateralized subjects. Our results are
indicating that they represented reorganization rather than jughsistent with the hypothesis that IC tinnitus-related activity
the immediate consequences of reduced neural activity in {8&reater when annoyance is greater. Such a relationship might
auditory periphery (Kaltenbach et al. 1998; Robertson aggise, for instance, through on-going descending neural control

Irvine 1989; Sasaki et al. 1980). “Original” abnormalities everyt the |C, or feedback to the IC resulting in long-term neural
tually triggering “secondary” abnormalities in humans coulgkorganization.

explain why tinnitus initially caused by a peripheral lesion
(e.g., as with Menie’s disease) is not necessarily eIiminateg . . o
by 8th nerve section (House and Brackmann 1981; Pulec 1998§Vious PET and fMRI studies of tinnitus

and why characteristics of the tinnitus percept (e.g., pitch, aAithough most previous functional imaging studies of tin-
location, loudness) can change over time (Meikle et al. 198%\tys used PET, they still can be compared straightforwardly
with our fMRI results because PET, like fMRI, is sensitive to
Why didn’t nonlateralized tinnitus subjects show abnormallypVerall levels of neural activity rather than the detailed timing
low activation? of activity. Here, we first review each of the previous studies
separately. We then consider the results collectively in the
An important point is that nonlateralized tinnitus subjectsontext of the present study.
did not show the IC activation abnormalities that would be In a study of baseline levels of cortical activity using PET,
predicted by straightforwardly extending our thinking concermrnold et al. (1996) reported that tinnitus subjects showed
ing lateralized tinnitus to nonlateralized tinnitus. On the basiénormally asymmetric activity on the transverse temporal gyri
of the tinnitus percept, one might expect that spontaneo{isTG), although it is not clear that this abnormality was
neural activity levels in the IC would be abnormally higtspecifically tinnitus related. The asymmetry was attributed to
bilaterally in nonlateralized tinnitus subjects, in which casgbnormally high levels of activity in the left TTG in most
sound-evoked activation might be abnormally low bilaterallynstances and in the right TTG in one; the direction of the
(e.g., as a consequence of saturation or physiological maskirggymmetry was not related to the laterality of the tinnitus
This, however, was not the case. percept. The concern as to whether the abnormal asymmetry
At this point, we cannot say what the underlying differencdsr tinnitus subjects was specifically tinnitus related comes
between the nonlateralized and lateralized tinnitus subjeftsm the fact that all but one of the tinnitus subjects had a
were. However, we can offer some hypotheses. First, althouggaring loss, whereas the nontinnitus subjects that were exam-
subjects in both groups may have had abnormally high levéted for comparison apparently did not. In addition, the one
of spontaneous neural activity in the IC (i.e., “tinnitus-relatedinnitus subject with normal hearing did not show abnormally
activity), perhaps the activity levels in the nonlateralized tirmsymmetric activity (but also did not experience tinnitus during
nitus subjects were only slightly higher than normal and hentge imaging session). One subject with fluctuating tinnitus
were not detected (i.e., as abnormal fMRI activation). Thieverity was imaged on three separate occasions and showed
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greater activity on the left TTG during sessions with “dis- Although the functional imaging data in tinnitus subjects are
abling” tinnitus as compared with a session of “mild” tinnitussparse, it is nevertheless worth recognizing that the results are
However, whether this difference might be attributable tbroadly compatible with a single view of auditory cortical
intersession differences in global brain activity levels is naictivity in tinnitus subjects. In this view, the tinnitus percept
addressed. Thus although the Arnold et al. data may indicateuld correspond to abnormally high levels of cortical activity
tinnitus-related elevations in auditory cortical activity, alterngi.e., “tinnitus-related” activity), which would increase and
tive interpretations are also viable. decrease with increases and decreases in tinnitus loudness. The
Another PET study reported tinnitus-related cortical activalata of Arnold et al. (1996) are compatible with this view
tion in subjects who could modulate tinnitus loudness withecause they suggest that baseline levels of cortical activity can
oral-facial movements (Lockwood et al. 1998). When thede abnormally high in tinnitus subjects. Findings of covaria-
movements were performed, primary and secondary auditdigns between the level of auditory cortical activity and tinnitus
cortical areas, on average, showed greater activity when tbadness modulated with oral-facial movements, eye move-
tinnitus percept was louder rather than softer. In contrastents or cutaneous stimulation (Cacace et al. 1999; Giraud et
similar oral-facial movements performed by nontinnitus sulad. 1999; Lockwood et al. 1998) are also consistent if the
jects did not produce changes in auditory cortical activity. Thehanges in cortical activity are interpreted as changes in the
nontinnitus (normal hearing) and tinnitus (hearing impaired®vel of tinnitus-related activity. As discussed earlier, negative
subjects differed audiometrically, so the possibility that audactivation in response to sound, such as that reported by Levine
tory cortical activation in the tinnitus subjects might have beeat al. (1997), is explained readily by a model incorporating
related to hearing loss, rather than tinnitus, cannot be excludptysiological masking (which assumes covariations between
Nevertheless the fact that there were covariations betwe@mitus-related activity and tinnitus loudness) but not by one
tinnitus loudness and brain activity in the tinnitus subjects Eased on saturation. Thus a model in which tinnitus-related
compelling and points to a picture of auditory cortical activityctivity increases and decreases with tinnitus loudness provides
increasing and decreasing with increasing and decreasing inparsimonious explanation for much of the available cortical
nitus loudness. functional imaging data in tinnitus subjects, in addition to
The PET findings of Mirz et al. (1999) and Giraud et alproviding a possible explanation for our data in the IC (i.e.,
(1999) are also consistent with there being elevated cortidagy. 10, bottomn).
activity associated with tinnitus. Mirz et al. (1999) studied
subjects with various forms of tinnitus (unilqteral, b”at?ralpmplications for animal studies of tinnitus
and degrees of hearing loss. Subjects were imaged while ex-
periencing tinnitus and while tinnitus was suppressed with anThe present study has direct implications for tinnitus work
acoustic masker, with lidocaine, or with both an acoustimn animals because it suggests that fMRI can provide an
masker and lidocaine. PET-detected activity during the unsugbjective indicator of tinnitus. Having such an indicator would
pressed tinnitus condition was greater than during conditionssafive a major problem for the animal work, namely the uncer-
tinnitus suppression in a variety of cortical areas (e.g., middiginty as to whether the animals under study (e.g., with induced
frontal gyrus, middle temporal gyrus); this is consistent withochlear or auditory nerve damage) have tinnitus. Using fMRI
there being tinnitus-related neural activity in these areas. Hoitvimay be possible to distinguish between tinnitus and nontin-
ever, subjects without tinnitus were not studied for comparisanifus animals and perhaps even infer the attributes of each
so it remains to be seen whether the reported activity changagmal’s tinnitus (e.g., tinnitus laterality) based on patterns of
were tinnitus-specific. Giraud et al. (1999) studied individuakctivation (e.g., abnormal asymmetries). Once distinguished,
who, after acoustic neuroma surgery, had a profound unilatetiahitus and nontinnitus animals could be compared using the
hearing loss and tinnitus that was elicited specifically by hofull spectrum of physiological, anatomic, and pharmacological
izontal, but not vertical, eye movements. When subjects weaegehniques. Although the millimeter resolution achievable at
imaged during periods of repeated horizontal eye movemethe field strengths of clinical imagers (e.g., 1.5 Tesla) places
(tinnitus condition) and periods of repeated vertical eye moveensiderable size constraints on the animal species and brain
ments (no tinnitus), several cortical areas showed greater attuctures that can be studied, these constraints can be lessened
tivity during the tinnitus condition, including posterior auditoryby using higher field strength imagers specially designed for
association areas. These results are consistent with thoserfal work and capable of providing functional images with
Lockwood et al. (1998) in that auditory cortical activity wasubmillimeter resolution (Barinaga 1998; Dubowitz et al.
greater when the tinnitus percept was louder. 1998; Jezzard et al. 1997; Logothetis et al. 1998; Mandeville et
There have been several additional preliminary reports af 1998; Stefanacci et al. 1998).
tinnitus-related brain activity detected using fMRI. Cacace et
al. (1995, ;999) piloted the application of fMRI to _subjects i@linical implications
whom tinnitus could be modulated by deviations in eye posi-
tion or cutaneous stimulation. In one subject, activation wasfMRI could ultimately play a major role in the care of
detected in posterior auditory cortical areas when tinnitus wasnitus patients. For example, if tinnitus patients prove to be
elicited by cutaneous stimulation. Also using fMRI, Levine gbhysiologically differentiable as suggested by the present
al. (1997) examined noise-evoked activation in one tinnitistudy, the differences may correlate with prognosis. fMRI
subject. They reported that auditory cortical activation wasvaluations then might provide answers to questions asked by
“negative,” indicating that neural activity decreased whepatients such as “Will my tinnitus ever go away or will it
sound was turned on. This negative activation is unlike theorsen?” The ability to distinguish tinnitus patients on physi-
positive activation produced by sound in nontinnitus subjectslogical grounds also opens new possibilities for evaluating
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therapies, both new and old. For example, it is possible thagaLs, Y., Horner K. C., anp Huane, Z. W. Alterations in average
certain treatments only benefit particular physiologically dis-SPectrum of cochleoneural activity by long-term salicylate treatment in the
tinguishable subpopulations, and this selective benefit has beey"ea Pig: @ plausible index of tinnitus. Neurophysiol80: 2113-2120,
mlss’,ed because the,re _has been no Way, to dlﬁere_ntlate th?_EEN, G. anD JasTREBOFR P. J. Salicylate-induced abnormal activity in the
ologically between tinnitus patients (Levine and Kiang 1995/ inferior colliculus of ratsHear. Res82: 158-178, 1995.

Tyler 1997). Clinical trials could be geared to identifying suclivéry-Croze, S., GLLET, L., AND MorGon A. Medial olivo-cochlear system
selective benefits by categorizing patients into subpopulationsnd tinnitus Acta Otolaryngol.113: 285-290, 1993. _ _
based on fMRI and separately evaluating treatment efficacy fotOL&. R. A. AND Parker, W. S. Tinnitus and vertigo in patients with
each subpopulation. If effective treatments for particular sub-€mporomandibular disordehrch. Otolaryngl. Head Neck Surg18: 817-

- . . - . 821, 1992.
populatlons were identified, fMRI UItImater could prowde aI:LAUSSEN, C. F. AND ConsTANTINESCY L. Tinnitus in whiplash injury.Int.

way to determine the best treatment program for a giveNrinnitus J.1: 105-114, 1995.
patient. CoaTs, A. C. AND MARTIN, J. L. Human auditory nerve action potentials and
brain stem evoked responségch. Otolaryngol.103: 605—-622, 1977.
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