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CASE REPORT

Magnetoencephalography and positron emission tomography studies of
a patient with auditory agnosia caused by bilateral lesions confined to

the auditory radiations

KIMITAKA KAGA!, TAKAHIDE KURAUCHI!, MASAKO NAKAMURA',
MITSUKO SHINDO? & KEN]JI ISHII’

! Department of Orolaryngology, University of Tokyo, 2Department of Language Disorders, Sophia University and
3 Department of Positron Research, Geriatrics Research Institute of Tokyo, Tokyo, Fapan

Abstract
The aim of this study was to investigate auditory cortex function in the context of auditory stimuli in a patient with auditory

agnosia due to bilateral lesions confined to the auditory radiations. A male patient experienced mild left temporal hemiplegia
because of right putaminal hemorrhage at the age of 43 years. Thereafter he recovered completely but hypertension
persisted. When he was 53 years old, he suffered left putaminal hemorrhage and went into a coma. After recovering from the
coma and right hemiplegia he could hear but could not discriminate speech sounds. Brain CT and MRI demonstrated small
bilateral lesions confined to the auditory radiations. Magnetoencephalography demonstrated the disappearance of middle
latency responses and auditory-evoked potential studies showed a very small Pa peak. In contrast, a positron emission
tomography study demonstrated a marked increase in blood flow in the bilateral auditory cortex in response to both
click and monosyllable stimuli. It is speculated that the auditory cortex receives functional projections from the cochlea via

non-specific pathways in the cerebral hemispheres.

Keywords: Auditory agnosia, auditory radiation, magnetoencephalography, positron emission tomography

Introduction

Auditory agnosia is caused by bilateral lesions in the

auditory cortex, auditory radiation or medial geni--

culate body [1-4]. However, in the case of bilateral
lesions involving only the auditory radiations, it is
not known what function remains in the preserved
but isolated auditory cortex.

There are two parallel auditory systems in the
brain [5]. The most important is the primary
auditory pathway, which conveys neural signals of
speech, music and environmental sounds from the
cochlea through the cochlear nerve, brainstem
auditory pathway and medial geniculate to the
auditory radiation and auditory cortex. The other
system is the non-specific auditory pathway, which
conveys neural signals from the cochlea through the
pontine and thalamic reticular formation or medical
geniculate body to the cerebral cortex.

The aim of this study was to investigate whether
function is absent or present in the auditory cortex of
a patient with auditory agnosia due to bilateral
lesions of auditory radiations but with a preserved
auditory cortex. The investigation was conducted
using magnetoencephalography (MEG), auditory-
evoked potential (AEP) studies and position emis-
sion tomography (PET). Many MEG studies of
auditory cortex function have been reported [6-9]
but studies of patients with auditory cortex lesions
are rarely reported [10].

Case report

A male patient experienced left mild temporal
hemiplegia as a result of right putaminal hemorrhage
at the age of 43 years. Thereafter he recovered
completely but hypertension persisted. When he was
53 years old, he went into a coma due to left
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Figure 1. Brain MRI scan. In both hemispheres, the auditory
radiations are damaged (arrows) by small brain infarctions.

putaminal hemorrhage. After recovering from the
coma, he manifested mild right hemiplegia and
hearing problems. The hemiplegia resolved with
the exception of some residual weakness, but the
auditory problems persisted. Although the patient
could hear, he could not discriminate any speech,
music or environmental sounds. Brain CT and MRI
demonstrated localized small lesions in the bilateral
auditory radiation only (Figure 1). Pure-tone audio-
metry revealed bilateral mild hearing loss (Figure 2).

AEP studies (Figure 3) demonstrated a normal
electrocochleogram (EcochG), auditory brainstem
response (ABR) and middle latency response
(MLR). The K complex to sound stimuli was
clearly recorded on electroencephalography (EEG)
(Figure 4).

Neuropsychological tests demonstrated that
although the patient could not discriminate any
speech, music or environmental sounds he did not
have aphasia (Figure 5). He was diagnosed as having
auditory agnosia due to bilateral lesions confined to
the auditory radiation, with preservation and isola-
tion of the auditory cortex bilaterally. Subsequently,

his pure-tone threshold worsened in the higher
frequencies (Figure 2).

MEG, AEP and PET studies

Audiological and neuropsychological tests were con-
ducted to investigate the patient’s auditory function
and perception. Thirty-two-channel MEG was used
to study middle latency auditory-evoked magnetic
fields (MLAEFs), while electrical middle latency
responses (EMLRs) were simultaneously recorded
for comparison [5]. PET using fluorodeoxyglucose
was conducted to investigate blood flow in the
auditory cortex in response to auditory stimuli,
consisting of clicks and monosyllables.

MEG and AEP studies were conducted 4 years
after the second hemorrhage, at the time of the
second audiogram shown in Figure 2. They demon-
strated that MLLAEFs were absent, with a very small
Pa peak in the EMLR (Figure 6). In contrast, the
PET study demonstrated increased blood flow in the
bilateral auditory cortex in response to clicks and
Japanese monosyllable verbal stimuli (Japanese
monosyllables generally correspond to consonant—
vowel sounds in English). Cerebral blood flow
increased by at least 10% above the resting baseline
in areas of the auditory cortex, especially with verbal
stimuli, but did not reach the 20% increases typical
of normal subjects (Figure 7).

Discussion

In this patient, the results of audiological and
neuropsychological examinations were almost the
same as those in patients with auditory agnosia or
cortical deafness, which are caused by bilateral
lesions of the auditory cortex ([2,3]. However,
because the auditory cortex was not damaged in

-201 =20
-10 -10
0 0
1 10
@20 = 20
K=} el
2 3
§49 * T g% =
g & 50 5
§o §o =
T 70 T 70 <
80, 80
90
1 100
11 110
120! 120
130+ 130 e
126 250 500 1000 2000 00 8000 126 250 500 1000 2000 4000 8000

Freguency (Hz)
After onset lyear
53yrs.

Freguency (Hz)
After onset 4years
56yrs.

Figure 2. Pure-tone audiograms recorded 1 and 4 years after the second hemorrhage. The tests reported here were performed at the time of

the later audiogram.
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Figure 3. Results c;f the AEP studies. EcochG, ABR and MLR were normal in the right and left ears.

our patient, our concern was to investigate, using
objective measures, ‘whether the auditory cortex
could respond to auditory stimuli,

There are two auditory pathways in the brain
[5,11,12]. The most important is the specific audi-
tory pathway, which is used for auditory perception.
The other is the non-specific auditory pathway,

ATambourine

i I i ) ;

which is involved in arousal [5,12]. Although our
patient’s specific auditory pathway was damaged at
the subcortical level of the auditory radiation, the
non-specific auditory pathway was preserved. The
PET study demonstrated an increase in blood flow
in the auditory cortex of 10% (approximately half of
normal) in response to auditory stimuli. However,

AHandclapping

Figure 4. EEG recording. The K complex to sound stimuli was recorded from all electrode leads (shadow area).
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(b) Enviromental sound perception test

Test Sound Response
QOral Answer Picture Matching
Human 1. Man's voice X X
2. Woman's vaice X X
(a) Speech Audiometry 3. Singing X X
% M. Baby’s cry X O
1 = 5. English speech X X
9 " z 6. Laughter X (@]
§s -+ Animal and Bird |1. Mewing(cat) X 0o
£7 2. Barking (dog) O O
§ 6 Il 3. Mooing (cow) X X
E 5 L 4. Neighing (horse) x X
g 4 ,’ 5. Cawing (crow) X @)
b s 6. Crowing (cock) X X
.ﬁz ,’ Instrument 1. Drum @] (o]
. ’ 2. Trumpet X O
p 3. Wall clock X O
A 10 0 5 4. Telephone ring X X
Nature 1. Whistle of wind X X
2. Wave X o]
B. Stream X X
Artificial 1. Electric train X e}
2. Car x X
B. Gunshot O X
4. Saw X X
5. Footsteps X X
12.5% 41.5%

Figure 5. Results of the auditory perception tests. (a) Speech audiometry demonstrated zero discrimination at any intensity. (b) The
environmental sound perception test showed poor performance as well (circles indicate correct responses). Normal individuals typically
score 100% on both the open-set oral responses and the much less difficult closed-set picture matching task.

(b) Patient

(a) Normal

Left hemisphere Right hemisphere

Left hemisphere Right hemisphere
Pa "'"A\/\""w W\/\NM
"\/Pa:n\"'/ EEGC2) ——w\/\\“—’ C3
o | W Cz """‘/\m\/‘w

e e~
eempEgen  MEG  resaniGaim

] 05V
10msec

Figure 6. (a) Typical simultaneous recordings of AMLR and MLAFEF in a normal subject (25-year-old male). Right and left hemisphere
recordings were made with contralateral stimulation. The equivalent current dipole is superimposed on the audiometry cortex in the brain
MRI scan. The circle indicates the dipole localization. (b) Simultaneous recordings of AMLR and MLAEF in our patient. The Pam peak in

the MLAEF is absent in both hemispheres but a very small Pa peak is present in the AMLR of both hemispheres.
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Figure 7. PET scans showing changes in regional cerebral blood
flow (CBF) in response to click and verbal stimuli (100 mono-
syllables). Top roww =averaged CBF image at rest. Middle two
rocos =increases in CBF over baseline in response to clicks. Lower
10 rows =increases in CBF over baseline in response to verbal
stimuli. The images show areas of 10% and 20% increases over
baseline blood flow. There are substantial arcas showing 10%
increases in response to verbal stimuli and smaller areas showing
10% increases in response to clicks. No areas show 20% increases,
as would be expected in normal individuals.

the absence of MLAEFs and EMLRs indicated
impaired function of the specific auditory pathway
as a result of the bilateral lesions of the auditory
radiation. In patients with auditory cortex lesions,
MLAEFs and EMLRs have been reported to be
absent [10]. However, it is significant that our
patient could hear but could not discriminate most
speech, music and environmental sounds. This
discrepancy is considered to be caused by loss of
the specific auditory pathway and preservation of the
non-specific auditory pathway.

Auditory agnosia 1355

Finally, it is speculated that the auditory cortex
receives projections not only from the specific
auditory pathway but also from non-specific audi-
tory pathways in the cerebral hemispheres.
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Aims

The strength of sedation due to antihistamines can be evaluated by using positron
emission tomography (PET). The purpose of the present study is to measure hista-
mine H, receptor (H,R) occupancy due to olopatadine, a new second-generation
antihistamine and to compare it with that of ketotifen.

Methods

Eight healthy males (mean age 23.5 years-old) were studied following single oral
administration of olopatadine 5 mg or ketotifen 1 mg using PET with ''C-doxepin in
a placebo-controlled crossover study design. Binding potential ratio and H,R occu-
pancy were calculated and were compared between olopatadine and ketotifen in the
medial prefrontal (MPFC), dorsolateral prefrontal (DLPFC), anterior cingulate (ACC),
insular (IC), temporal (TC), parietal (PC), occipital cortices (OC). Plasma drug con-
centration was measured, and correlation of AUC to H,R occupancy was examined.

Results

HiR occupancy after olopatadine treatment was significantly lower than that after
ketotifen treatment in the all cortical regions (P < 0.001). Mean H,R occupancies for
olopatadine and ketotifen were, respectively: MPFC, 16.7 vs. 77.7; DLPFC, 14.1 vs.
85.9; ACC, 14.7 vs. 76.1; IC, 12.8 vs. 69.7; TC, 12.5 vs. 66.5; PC, 13.9 vs. 65.8; and
0C, 19.5 vs. 60.6. Overall cortical mean H,R occupancy of olopatadine and ketotifen
were 15% and 729%, respectively. H,R occupancy of both drugs correlated well with
their respective drug plasma concentrations (P < 0.001).

Conclusion
It is suggested that 5 mg oral olopatadine, with its low H\R occupancy and thus

minimal sedation, could safely be used an antiallergic treatment for various allergic
disorders.

© 2005 Blackwell Publishing Ltd
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Introduction

Histamine H, receptor (H,R) antagonists, or antihista-
mines, are often used for treatment of allergic disorders
such as seasonal rhinitis and conjunctivitis. Antihista-
mines act mainly on the peripheral system but can
induce sedation as a central side-effect. This undesirable
side-effect is caused by the blockade of nerve transmis-
sion in the histaminergic neurone system, which
projects from the nucleus in the posterior hypothalamus
to almost all cortical areas [1-3]. First-generation anti-
histamines, such as ketotifen and d-chlorpheniramine,
can easily penetrate the blood-brain barrier, and tend to
occupy a large proportion of postsynaptic H;Rs (>50%)
[4-8]. Second-generation antihistamines, such as fex-
ofenadine and terfenadine, are significantly less effec-
tive at penetrating the blood-brain barrier and H,Rs
are slightly occupied (<20%) as demonstrated using
positron emission tomography (PET) {4, 9]. Variation in
cerebral HR occupancy (H;RO) of antihistamines may
result from their different permeability through the
blood-brain barrier. Thus, the sedative property of anti-
histamines can be evaluated by the permeability of the
blood-brain barrier, measured with PET and [''C]dox-
epin that can easily penetrate the blood-brain barrier
and bind to available H;Rs in the brain, following
administration of the target drug.

Functional neuroimaging techniques such as PET are
widely used to evaluate the action and determine
minimal effective doses of psychoactive drugs. Indeed,
there have been many studies to measure the receptor
occupancy of dopaminergic [10-17] and serotonergic
[18-22] in schizophrenic and depressive patients. For
example, using PET with [''C]raclopride, Nyberg and
colleagues demonstrated that the suitable daily dose of
risperidone was 4 mg, which achieved sufficiently high
dopamine D, receptor (D,R) occupancy of 72%, and that
the previous recommended standard dose of 6 mg daily,
often accompanied by extrapyramidal side-effects,
achieved unnecessarily high D,R occupancy of 82%
[13].

In the case of antihistamines, lower H,RO in the
brain is favoured since they act peripherally. All first-
generation antihistamines have sedative properties
because of their high blood-brain barrier permeability.
However, in the case of second-generation antihista-
mines, users tend to underestimate their sedative profiles

and be less cautious when driving or operating poten-
tially dangerous machinery [1-3]. Moreover, people
may take second-generation antihistamines at double or
triple doses when recommended doses fail to achieve
the desired effects.

Recently, second-generation antihistamines have
been further divided into two subgroups. The first
includes drugs that cause little sedation at low or rec-
ommended doses, but cause dose-related cognitive
impairment at higher doses. The other category consists
of drugs that do not cross the blood-brain barrier, and
thus induce no sedation even at exceeded doses [2, 3].
Thus, it is important to define the sedative threshold for
each newly developed drug before launch.

Olopatadine (KW-4679), a new second-generation an-
tihistamine developed in Japan, is widely used as an eye
solution for allergic conjunctivitis [23-31] and as an oral
treatment for allergic rhinitis and skin diseases [32-35].
Previous studies have compared its efficacy with that of
other antiallergic drugs [24-35]. However, only few an-
imal studies [36-38] and one human study [39] have
investigated sedative profile of olopatadine. The primary
aim of the present study is to measure H;RO of olopat-
adine using PET and to compare it with that of ketotifen,
a typical sedative antihistamine [40—43], in a placebo-
controlled crossover study design. This study design is
different from that of our previous studies where control
data were obtained from different subjects [4-9].

Methods

The present study was approved by the Committees on
Clinical Investigation at both Tohoku University Grad-
uate School of Medicine and Tokyo Metropolitan Insti-
tute of Gerontology (TMIG), Japan, and was performed
in accordance with the policy of the Declaration of Hel-
sinki. All experiments were performed at the Positron
Medical Centre of TMIG.

Subjects and study design

Eight male Japanese subjects (mean age+ SD:
23.9 + 1.2 years), recruited by advertisement as study-
subjects, were given a description of the study, and their
written informed consents were obtained. All subjects
were in good health with no clinical history of major
physical or mental illnesses, showed no abnormality in
brain MRI, and were not receiving any concomitant
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medication likely to interfere with the study results.
Alcohol, nicotine, caffeine, grapefruit and grapefruit
juice were forbidden during the study period, and food
intake was controlled on the test day and the day before
PET measurement. The subjects were requested to finish
a light meal by at least 3 h before the study started.
The eight subjects underwent PET measurement after
single oral administration of olopatadine 5 mg, ketotifen
1 mg, or a lactobacteria preparation 6 mg used as pla-
cebo in a three-way crossover study, with minimum
washout intervals of 7 days between treatments. The
lactobacteria preparation has been widely used as pla-
cebo in Japan, and its administration has resulted in no
statistical difference between pre- and postadministra-
tion in previous cognitive studies at our department [7,
9, 44]. The present study was single-blinded as the study
investigators had to report on each medication, and
of olopatadine (1.0 £0.3 h) was significantly smaller
than that of ketotifen (2.8 % 0.2 h). After drug adminis-
tration, each subject was asked to lie down in a comfort-
able position. Blood samples were collected from the
subjects before drug administration and at 30, 60, 90,
120 and 150 min postadministration of olopatadine, or
at 60, 120, 180, 210 and 240 min postadministration of
ketotifen.

Measurement of drug concentrations
Plasma olopatadine and ketotifen concentrations were
measured using liquid chromatography/mass spectrom-
etry/mass spectrometry (LC-MS/MS) with an electric
spray ionization method. The MS/MS system was an
API 4000 (MDS Sciex, Ontario, Canada) in the case of
olopatadine or an API 3000 in the case of ketotifen.
For measurement of plasma olopatadine concentra-
tion, the Solid Phase Extraction (SPE) cartridge (OASIS
HLB, 30 mg/mL, Waters Corporation, Milford, MA,
USA) was pretreated with 1 mL of methanol and 1 mL
of water. An internal standard solution (150 pL,
250 ng mL™) and water (150 pL) were added to each
plasma sample and the mixture was applied onto the
SPE cartridge. L.C was performed on a Shimadzu 10 A
Vp HPLC instrument (Shimadzu Co., Kyoto, Japan)
equipped with an analytical column. Separations were
carried out on a C30 reversed-phase HPLC column
(Develosil C30-UG-5, Nomura Chemical, Seto, Japan)
at a flow rate of 0.2 mL min™". Detection of olopatadine
was based on fragmentation of the precursor ion of m/
z =338 to product ion m/z = 165; the internal standard
was based on fragmentation of the precursor ion of m/
z =353 to product ion m/z =248 under multiple reac-
tion monitoring mode. The lowest detectable concentra-
tion was around 0.4ngmL™' and a coefficient of
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variation (CV) of olopatadine plasma concentrations
measured for quality control ranged from 5.3% t0 9.2%.
Values below the detectable threshold were extrapolated
from the data.

Conditions for measurement of plasma ketotifen
concentration were as follows: LC separation was
performed on an Agilent 1100 system (Agilent Technol-
ogies, Waldbronn, Germany) with a SYNERGI MAX
2.0 x 50 mm (Phenomenex, Torrance, CA, USA) col-
umn at a flow rate of 0.25 mL min™. The reconstituted
extract (15 1L) was injected onto an HPLC system with
an isocratic mobile phase of 65: 35 v/v 10 mmol L™
ammonium acetate-acetonitrile and a 5.0-min run-time.
Positive ions were detected on an API3000 system at a
500 °C nebulizer gas temperature, 3500V IonSpray
voltage, 7 L min™" (air) turbo gas, Concentration 8 (air)
nebulizer gas, Concentration 8 (nitrogen) curtain gas
and Concentration 10 (nitrogen) collision gas. Ion detec-
tion was based on monitoring [M + H]" ions in the ana-
lyte and internal standard in the first quadruple and their
corresponding product ions in the third quadruple with
a dwell time of 500 ms. Chromatographic data for
multiple reaction monitoring (MRM) were collected
using Analyst software (version 1.1, AB/MDS SCIEX).
The lowest detectable concentration was around 0.1 ng
mL™ and a CV of ketotifen concentrations measured
for quality control ranged from 0.2% to 5.3%. Values
below the detectable threshold were extrapolated from
the data.

To examine the relationship between estimated bind-
ing potential ratio of [''C]doxepin and plasma concen-
tration of each drug, the area under the curve (AUC) of
olopatadine was calculated for 0—150 min (AUCq;;5n)
postadministration and that of ketotifen for 0—240 min
(AUCy41) postadministration.

PET tracer and Image acquisition

[''C]doxepin was prepared by [''C]methylation of des-
methyl doxepin with ["'C]methyl triflate as described
previously [45, 46]. [''C]doxepin radiochemical purity
was over 99%, and its specific radioactivity at the
time of injection was 58.9 + 30.1 GBq pmol™ (2719 =
1113 mCi pmol™). Saline solution containing [''C]dox-
epin was intravenously injected into each subject at a
time corresponding to f,,, of each drug (60 min postad-
ministration of olopatadine or 160 min postadministra-
tion of ketotifen). The injected dose and cold mass
of [''Cldoxepin were 259.1%+29.5MBq (7.00%
0.80 mCi), and 6.29 + 5.32 nmol, respectively, and the
radiological dose was calculated based on a previous
paper on radiological exposure [47]. Blood samples
were taken 10 min postinjection of the tracer to measure
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radioactivity in the plasma. Labelled metabolites in the
plasma were analysed by HPLC as described previously
[48]. The percentage of unchanged doxepin was 93.9 &
3.2 at 10 min postinjection.

Approximately 60 min after [''C]doxepin injection,
the subjects were positioned on the coach of the PET
scanner (Headtome-V: Shimadzu Co., Kyoto, Japan) so
that the transaxial slices were parallel to the orbito-
meatal line and a 7-min-long transmission scan was
started using ®Ge/®*Ga line source for tissue attenuation
correction. The subjects were then scanned in order to
detect high-energy photon emissions (511 keV) from
the ["'C]doxepin injected into them. The emission scan
was conducted in a three-dimensional (3D) mode, last-
ing for 15 min (70-85 min postinjection of ["'C]dox-
epin), which acquired 30 slices with 128-by-128 voxels,
and at spatial resolutions of 4.5 mm full-width-half-
maximum (FWHM) in the transaxial plane and 5.8 mm
FWHM in the z-axis [46]. Sensitivity for a 20-cm-long
cylindrical phantom was 48.6 kcps kBq™' mL™ (1.8
Mcps MCi™' mL™) in the 3D mode [49].

PET brain images, after being corrected for tissue
attenuation, were reconstructed with a filtered back pro-
jection algorithm. The brain images were then normal-
ized by plasma radioactivity at 10 min postinjection to
yield static distribution volume images according to our
static scan protocol [46, 48]. Our previous investigations
confirmed that ["'C]doxepin-H;Rs binding was better
described with a two-compartment rather than a three-
compartment model, proposing the use of distribution
volume as an index of [''C]doxepin binding [46]. We
also confirmed that our static scan protocol produced
reliable distribution volume values with high correlation
efficient (r=0.94) [48].

Three brain images obtained from each subject on
different days, following oral administration of olopat-
adine, ketotifen or placebo, were slightly shifted in x, y
and z directions. Using the subject’s own MRI-T1 image
as a reference, the images were coregistered to the
identical stereotaxic brain coordinate system using Sta-
tistical Parametric Mapping (SPM99: Welcome Depart-
ment, UK) software package [50] (Figure 1A). The MRI
images were obtained with a SIGNA 1.5 Tesla machine
(General Electric Inc., W1, US), TMIG.

Regions of interest (ROIs) were first placed on vari-
ous brain regions in the MRI-T1 images with precise
anatomical information, in the following brain regions:
the medial prefrontal (MPFC), dorsolateral prefrontal
(DLPFC), anterior cingulate (AC), insular (IC), tempo-
ral (TC), parietal (PC), occipital (OC) cortices and on
the cerebellum. The ROI information was automatically
copied onto the three coregistered distribution volume
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Figure 1

Distribution pattern of V'C-doxepin in the brain of human subjects. Brain
distribution volume (DV) of {"'C]doxepin was examined in healthy male
subjects with PET in three drug conditions, such as placebo (left),
olopatadine 5 mg (centre) and ketotifen 1 mg (right) for each subject, as
well as their own MRI-T1 image (far right), demonstrated in the sagittal
(top) and coronal (bottomn) sections for each treatment. (A) Brain DV
images of an individual human subject, where the three PET images were
coregistered to their own MRI-T1 image as a reference. (B) Mean brain
DV images (n = 8) averaged from the eight individual brain images
following transformation to the standard brain space (spatial
normalization). Both demonstrate that ketotifen treatment results in
significantly lower DV than the other drug conditions

brain images, and regional distribution volume values
were measured in the identical locations in the three
drug conditions. Mean voxel values were calculated for
the above cortical regions, and binding potential ratio
were calculated for each cortical region using the fol-
lowing equation: BPR = [(DV of each region — DV of
cerebellum)/DV of cerebellum] [8, 9]. Finally, HRO of
olopatadine and that of ketotifen were calculated for
each cortical region based on the following equation:
H;RO = [(BPR of placebo — BPR with a given antihis-
tamine)/BPR of placebo] x 100 [8, 9, 18, 20].

For visualization at a whole-brain Ievel, distribution
volume brain images were statistically analysed on a
voxel-by-voxel basis by SPM99, following spatial nor-
malization and smoothing. In spatial normalization,
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Figure 2

Results of voxel-by-voxel comparison of brain
distribution volume (DV) images. The red colour
shows areas of significantly lower DV after
ketotifen treatment vs. after placebo treatment
(Ketotifen 1 mg < placebo’ in the left columns).
In contrast, there are no areas of significantly
lower DV after olopatadine treatment than after
placebo treatment (‘Olopatadine 5 mg <
placebo’ in the right columns). In both columns,
significant areas are demonstrated in four aspects
such as left and right medial (L. MED and R.
MED) and right and left lateral (R. LAT and L. LAT)
aspects (P < 0.001, uncorrected, using SPM99)

Table 1
Plasma concentrations of olopatadine and ketotifen (n = 8)

Olopatadine (ng/ml)

Ketotifen (ng/ml)

Time (min) Mean S.D. CcV. Time (min) Mean S.D. CV.
0 0.0 0.0 0 0.00 0.00

30 34.0 229 67.4% 60 0.10 0.05 50.0%

60 45.3 13.4 29.6% 120 0.23 0.19 82.6%

20 394 10.7 27.2% 180 0.25 0.12 48.0%
120 29.4 6.9 23.5% 210 0.20 0.13 65.0%
150 . 24.6 6.0 24.4% 240 0.17 0.1 64.7%
AUCq 251 [ng/mL*h] 80.2 4.4 5.5% AUCoqn [ng/mL*h] 0.64 0.31 48.4%

original distribution volume brain images were trans-
formed to the standard anatomical space to minimize
intersubject variation in brain structure [50]. Following
the spatial normalization, the images were smoothed by
an isotropic Gaussian kernel with FWHM of 12 mm to
raise signal : noise (S/N) ratios. Differences in parame-
ter values between olopatadine or ketotifen and placebo
(control) were statistically analysed by paired #-test

(under multisubjects and different conditions), and.

regional maxima of statistical significance (P <0.001)
were projected onto the surface-rendered MRI-T1 stan-
dard brain images (Figure 2). Precise locations of the
statistically significant regions were identified using Co-
Planar Stereotaxic Atlas [51].

Statistical analysis

Differences in binding potential ratio between olopata-
dine, ketotifen and placebo were examined using ANOVA
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multiple comparison with Bonferroni correction. The
difference in H;RO between olopatadine and ketotifen
was examined using paired Student #-test. The relation-
ship between plasma drug concentration and H,RO
value was examined using Pearson’s correlation test. A
probability of P < 0.05 was considered to be statistically
significant. All statistical examinations were performed
using SPSS for Windows 11.0.1 (Japanese version).

Results

Mean plasma concentrations and AUCs of olopatadine
and ketotifen are as shown in Table 1. Mean plasma
concentrations of olopatadine and ketotifen reached
peak values at 60 min (45.3 ng mL™") and at 180 min
(0.25 ng mL™") postadministration, respectively, indicat-
ing significantly different f,,, for the two drugs (at
60 min for olopatadine and at 180 min for ketotifen).
Large coefficients of variation (CVs) for the plasma
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Table 2

Precise information of regions with significant dicrease in specific binding

Regions Brodmann's area X Y, Z {mm} Voxel number T values Z values P values
Anterior cingulate gyrus 32 0, 34, 26 2393 9.46 5.85 <0.001
Fusiform gyrus 20 -42, =20, =38 26 8.76 5.63 <0.001
Medial frontal gyrus 10 -2, 46, -8 189 7.99 5.36 <0.001
Precuneus 31 =2, 62, 28 145 7.99 5.36 <0.001
Posterior cingulate gyrus 31 6, ~66, 22 712 5.02 <0.001
Middle temporal gyrus 21 -58, ~10, -18 17 7.26 5.08 <0.001
Superior temporal gyrus 22 56, 8, 0 28 717 5.04 <0.001
Superior temporal gyrus 42 58, ~26, 18 37 6.99 497 <0.001
Middle frontal gyrus 10 32,58, 8 23 6.83 490 <0.001
Superior frontal gyrus 9 -24, 54, 30 8 6.74 4.87 <0.001
Medial frontal gyrus 10 6, 62, -4 13 6.71 4.85 <0.001

drug concentrations at five measurement points indi-
cated the presence of large intersubject variations in
pattern of time-concentration curves, as indicated in
Table 1.

AUC,_, sy, for olopatadine was 80.2 ng mL™ h™ and
its CV was small (5.5%), indicating that there was no
large intersubject variation in olopatadine AUC
(Table 1). AUCq, for ketotifen was 0.64 ng mL™" h™'
with a large CV (48.4%), indicating that the intersubject
variability for ketotifen AUC was large, possibly due to
the low plasma ketotifen concentrations near to the
detectable threshold (Table 1).

The radioactivity distribution pattern of [''C]doxepin
is shown in Figure 1. The distribution volume brain
image following treatment with olopatadine was similar
to that following treatment with placebo in an individual
subject (Figure 1A). The same trend was consistently
observed in the averaged distribution volume brain
image, based on the spatially normalized brain images
of the eight subjects (Figure 1B), representing the mean
radioactivity distribution pattern. High radioactivity was
observed in the MPFC, DLPFC, ACC, IC, TC, PC, OC,
and thalamus following treatment with olopatadine and
placebo (Figure 1). In contrast, the radioactivity distri-
bution pattern following treatment with ketotifen was
much lower than that following the treatment with olo-
patadine or placebo.

Using SPM99 on a voxel-by-voxel basis, parametric
brain distribution volume images following treatment
with olopatadine or ketotifen were statistically com-
pared with those following treatment with placebo. In
Figure 2, the red areas show brain regions where distri-
bution volumes were significantly lower (P <0.001)
following treatment with ketotifen than following

treatment with placebo (Figure 2, left). Areas such as
ACC, MPFC, DLPFC, and TC demonstrated signifi-
cantly low distribution volumes after treatment with
ketotifen compared with placebo (Table 2). Conversely,
SPM analysis did not reveal any brain area where dis-
tribution volumes were significantly lower following
treatment with olopatadine compared with placebo
(Figure 2, right).

Binding potential ratio values in HR-rich regions
such as MPEC, DLPFC, ACC, IC, TC, PC and OC were
evaluated based on ROI analysis (Figure 3A). Binding
potential ratio values following treatment with olopata-
dine were only slightly different from those following
treatment with placebo. However, binding potential ratio
values following treatment with ketotifen were signifi-
cantly lower than those following treatment with pla-
cebo or olopatadine (P < 0.001 for all regions studied)
with the following 95% CI values for mean binding
potential ratio differences from placebo: MPFC, 0.25,
0.54; DLPFC, 0.25, 0.47; ACC, 0.35, 0.64; IC, 0.28,
0.55; TC, 0.22,0.52; PC, 0.24, 0.50; and OC, 0.17, 0.37;
and from olopatadine: MPFC, 0.16, 0.45; DLPFC, 0.19,
0.41; ACC, 0.25, 0.54; IC, 0.20, 0.47; TC, 0.15, 0.45;
PC, 0.16, 0.43; and OC, 0.08, 0.28.

H;RO values following treatment with olopatadine or
ketotifen were also calculated using the value of H;RO
following treatment with placebo as baseline (0%)
(Figure 3B). Mean H,RO following treatment with
olopatadine was approximately 15% (mean H,RO + SD
MPFC, 16.7 +10.0; DLPFC, 14.1 £9.6; ACC, 14.7+
9.1;IC, 12.8+7.9; TC, 12.5 £ 7.1; PC, 13.9 £ 5.6; and
0C, 19.5 £ 10.6) and that following treatment with keto-
tifen was approximately 72% (mean H;RO + SD MPFC,
77.7 +£10.3; DLPFC, 85.9 £ 12.2; ACC, 76.1 £9.5; IC,
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Region of interest (ROI)-based analyses of (A)binding potential ratios
(BPR) and (B) histamine H; receptor occupancy (H,RO) in the cortex.
RO!I measurements were taken in the medial prefrontal (MPFC),
dorsolateral prefrontal (DLPFC), anterior cingulate (AC), insular (IC),
temporal (TC), parietal (PC), occipital cortex (OC) after treatment with
antihistamines. Comparison of BPRs shows differences in the sedative
properties of the three drugs such as placebo (PLA), olopatadine (OLO)
and ketotifen (KET) (A). H,RO by the two antihistamines are shown taking
H;RO by the placebo as 0% (B). P < 0.001, statistically examined by ANOvA
followed by multiple comparison by Bonferroni test. The error bars
represent interindividual variability (SD). PLA (00); OLO (); KET (&)

69.7 £ 11.3; TC, 66.5 + 14.2; PC, 65.8 £5.5; and OC,
60.6 £ 14.6). H,RO values following treatment with olo-
patadine were significantly lower than those following
treatment with ketotifen (P <0.001) for all cortical
regions studied with the following mean binding poten-
tial ratio differences (95% CI) between olopatadine and
ketotifen: MPFC, 51.8, 70.2; DLPFC, 59.8, 83.7; TC,
40.1, 58.5; PC, 38.5, 54.7; OC, 26.6, 48.2; ACC, 50.7,
72.2; 1C, 42.3, 60.8. These data demonstrate that bind-
ing potential ratio following treatment with olopatadine
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Figure 4
Relationship between mean H,RO and olopatadine (left) and ketotifen

plasma concentrations (right). Plasma concentrations of the two
antihistamines are presented as area under the curve (AUC). Correlation
efficients examined by Pearson'’s correlation test were 0.76 for olopatadine
(P <0.001) and 0.86 for ketotifen (P < 0.001). H,RO of ketotifen rises
rapidly with increments in plasma concentration whereas H,RO of
olopatadine rises slowly with increments in plasma concentration. The
error bars represent intraindividual variability (SEM)

is substantially higher than that following treatment with
ketotifen in all cortical regions studied.

Correlations between H;ROs and AUCs of olopata-
dine and ketotifen concentrations were examined across
the subjects. The H,ROs correlated well to the AUCs
with the correlation coefficients of 0.83 for both drug
conditions (Pearson’s test, P < 0.001). H;RO of olopat-
adine rose slowly with increment in olopatadine
AUCq ;5. HRO of ketotifen tended to rise rapidly with
increment in ketotifen AUC, 4, (Figure 4). Although the
CV of ketotifen AUC, 4, was high, possibly because
ketotifen concentrations took very low values near to the
detectable threshold, the result of significant correlation
between ketotifen AUC,,, and H;RO was in accordance
with the results of previous studies on other sedative
antihistamines such as d-chlorpheniramine [7, 8].
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Discussion
Recently, noninvasive in vivo measurement of neurore-
ceptor occupancy has been conducted in humans for the

development of various psychoactive drugs [10-22]. In -

the present study, H;RO of olopatadine, a second-
generation antihistamine, was compared with that of
ketotifen, a typical sedative antihistamine, in a single-
blinded placebo-controlled crossover study design.

H,RO after a single oral administration of olopatadine
5 mg or ketotifen 1 mg was calculated as approximately
15% and 72%, respectively. The high value for ketotifen
corresponds with the H;RO value reported in a previous
clinical trial (76.8%, n = 3) where the averaged baseline
value (n =6) was obtained from different subjects [6].
It has also been reported that, single-oral administration
of d-chlorpheniramine (2 mg) achieved approximately
50-77% of H,RO [4, 8]. In addition, brain H;RO due to
d-chlorpheniramine seems to increase rapidly in a con-
centration-dependent manner {7, 8] in a similar fashion
to that due to ketotifen in the present study, although the
large CV value of ketotifen AUCy 4y, would limit the
reliability of the correlation analysis (Figure 4). Previ-
ous PET studies demonstrated that first-generation anti-
histamines occupied more than 50% of available H;Rs.
This high H;RO is associated with high prevalence of
sleepiness and cognitive decline [5, 8].

Conversely, H;RO after single-oral administration of
olopatadine (5 mg) was much lower than that of first-
generation antihistamines (15% vs. >50%). This result
corresponds with the categorization of olopatadine as a
second-generation antihistamine. Previous studies have
demonstrated H;RO values due to other second-
generation antihistamines: epinastine 20mg (8.2-
13.2%) [5, 6], terfenadine 60 mg (12.1-17.1%) [4, 6],
astemizole 10 mg (28.7%), azelastine 1 mg (20.3%),
mequitazine 3 mg (22.2%) [6] and ebastine 10 mg
(9.9%) [8]. Second-generation antihistamines occupy
around 0-20% of brain H,Rs [6]. Single-oral doses of
cetirizine 20 mg and fexofenadine 120 mg, both double
oral doses in Japan, have been reported to achieve 26%
and 0%, respectively [9]. Based on such findings,
second-generation antihistamines can be further sepa-
rated into two subgroups according to their blood-brain
barrier permeabilities [2, 3]; one category that causes
little sedation at low doses, but causes dose-related
cognitive impairment at higher doses, as seen with cet-
irizine; the other category that does not cross the blood-
brain barrier and therefore induces no sedation even at
exceeded doses, as seen with fexofenadine [9].

Such variation in blood-brain barrier permeability
among antihistamines has been explained by various
factors such as different lipophilicity, molecular size and

different actions of drug transporters. Lipophilic antihis-
tamines, as seen with many first-generation antihista-
mines, can be absorbed in a full amount in the gut, and
can freely penetrate the blood-brain barrier. In the case
of second-generation antihistamines, with decreased
lipophilicity, absorption in the gut would be limited. P-
glycoprotein, an efflux pump expressed in the blood-
brain barrier, gut barrier and in other organs, may be
playing the most important role in blood-brain barrier
permeability [52]. In the case of fexofenadine, a known
substrate of P-gp, both gut absorption and blood-brain
barrier permeability would decrease further. In the
blood-brain barrier particularly, there is a strict barrier
with tight junctions between capillary endothelial cells
and with astroglial processes, where few fexofenadine
molecules can penetrate and enter the brain. Whether
olopatadine is a substrate of P-gp is currently under
investigation.

The socially important detail is that although some
second-generation antihistamines appear to be nonsed-
ative, they are mildly sedative with increased doses.
Based on these findings, a recent expert meeting (the
Consensus Group on New Generation Antihistamines:
CONGA) states that H;RO measured by PET should be
under 20% at the highest recommended dose [2]. From
this standpoint, olopatadine seems to belong to the same
category as cetirizine, as its brain H;RO seems to
increase in a concentration-dependent manner as dem-
onstrated in Figure 4. This assumption corresponds with
a recent human study demonstrating that olopatadine
10 mg (a double oral dose in Japan) induced mild psy-
chomotor impairment among healthy subjects [39]. In
addition, animal studies may provide further sugges-
tions [33, 36-38]. No EEG changes were observed after
oral administration of olopatadine in rabbits [33] and in
rats [36], whereas oral ketotifen induced significant
sedation in both animal studies [33, 36]. Another rat
study demonstrated that 10 mg kg™ oral administration
of olopatadine did not affect behaviour in rats whereas
50 mg kg™! oral administration of olopatadine induced
significant sedation [37]. It is assumed that the therapeu-
tic dose of olopatadine (single oral dose at 5 mg) is
reasonably safe and suitable in terms of avoiding seda-
tive side-effects. The final conclusions regarding the
sedative effects of single oral administration of olopat-
adine 5 mg should be drawn combined with the results
of a planned double-blinded placebo-controlled study
on psychomotor performance and subjective sleepiness.

The present study succeeded in demonstrating seda-
tion due to antihistamines in healthy subjects, but it does
not describe subjective sedation owing to other origins,
as seen in allergic patients even at preadministration of
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antihistamines and relieved postadministration [53].
Other causes for such subjective sedation would be the
contribution of other chemical mediators (prostaglan-
dins, etc) and mental and physical factors due to irritat-
ing symptoms such as nasal plugging and sand eyes. The
authors do not yet know the extent to which such factors
would affect PET results of a similar study conducted
in patients with active allergy.

This is the first PET study on antihistamines, follow-
ing a placebo-controlled crossover study design where
we were able to minimize potential errors due to inter-
subject variability. This is probably the most important
advantage of our study design, which makes interpreta-
tion of results easier and clearer. To our knowledge,
placebo-controlled crossover study design was first used
with PET to investigate dopamine D, or D, receptor
occupancies by new antagonists such as NNC 756 [10],
sertindole [12] and risperidone [13]. Only two complete
placebo-controlled crossover studies [18, 21] and a few
partially crossover studies regarding serotonin receptors
(5HT1A receptors) were available [19, 22]. Compared
with PET studies in a clinical trial design, the number
of complete placebo-controlled PET studies is gener-
ally limited [11, 14-17, 54].

Placebo-controlled crossover studies are disadvan-
taged by the increased radiological exposure, as each
subject is scanned more than twice. Investigators are
therefore advised to minimize total radiation exposure
to subjects by choosing a minimum radiological dose
and by using 3D data acquisition mode with high sen-
sitivity. In addition, mental and physical stress of the
subjects should be decreased by simplifying measure-
ment protocol, as in the present study where complete
datasets were obtained for all of the eight subjects. In a
study by Martinez et al. [18] only 6 of the 11 subjects
completed all four 100-min-long PET scans planned,
which reflects the difficulty of conducting crossover
PET studies.

In summary, we examined H;RO of olopatadine at its
highest recommended single oral dose (5 mg) and
compared it with that of single oral administration of
ketotifen (1 mg) using PET measurement in a placebo-
controlled crossover study. Olopatadine occupied
approximately 15% of available H,Rs in the human
brain whereas approximately 72% of H,Rs were occu-
pied by 1 mg of ketotifen. It is therefore suggested that
oral administration of olopatadine (5 mg), with its low
H,RO and thus minimal sedation, could safely be used
an antiallergic treatment for various allergic disorders.

It would be of a great aid in estimating the appropri-
ate therapeutic doses of new antihistamines and other
drugs using PET measurement and the minimum num-
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ber of subjects (6 to 10 subjects). Collection of more
H,RO data is encouraged for establishment of a reli-
able international database for evaluation of the seda-
tive profile of antihistamines.
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dation (to Tashiro M). The authors thank the subjects in
the PET measurement, Ms Miyoko Ando for care of
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