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Left hippocampal volume loss in Alzheimer’s disease
Is reflected in performance on odor identification:
A structural MRI study
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1San Diego State University, San Diego, California
2SDVAHS San Diego, California
3UCSD School of Medicine, La Jolla, California

(RECEIVED May 14, 2001;REvISED April 29, 2002; AccepTED June 19, 2002)

Abstract

The very high sensitivity and specificity of odor identification tasks in discriminating between Alzheimer’s patients
and normals suggests that they reflect the presence of underlying neuropathology. Significant neuropathological
changes are seen in areas critical to processing olfactory information, even in the early stages of Alzheimer’s disease
(AD). The current study was designed to investigate whether performance on olfactory tasks (odor threshold and
odor identification) was related to volumetric MRl measures of mesial temporal areas central to olfactory
information processing and important in the neuropathology of AD. Participants were 8 male and 5 female patients
with probable AD, and 10 male and 12 female normal age-matched controls, diagnosed at the UCSD Alzheimer’s
Disease Research Center. The study investigated correlations between volumetric measures of hippocampus, the
parahippocampal gyrus and the amygdala, and the psychophysical measures of olfactory function. Robust
relationships were observed between mesial temporal lobe volumes and olfactory functional measures. The finding
of a strong relationship between left hippocampal volume and performance on the odor identificatian~ta8k)

is compatible with a left-hemisphere superiority for verbally mediated olfactory tasks. The findings suggest a neural
substrate for the breakdown in functional performance on verbally mediated odor identification tasks in Alzheimer’s
disease and suggest the utility of quantitative MRl measures and psychophysical performance in the assessment of
AD. These results support the potential clinical utility of inclusion of odor identification tests in diagnostic batteries
for detecting AD. (JINS 2003,9, 459-471.)
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INTRODUCTION pression of the underlying neurodegeneration. Efforts to

develop pharmaceutical agents to prevent or retard the de-
) . ; . 2’'generative process are keen, and when successful will man-

neurodegenerative disease that afflicts more than 5 mﬂho@ate a means of assessing functional impairment in those

Americans, most of them elderly. The unremitting neuralundergoing neurodegenerative processes. ldentification of

](cjeg(?[_nerauon IS aclcompanled bé/ t?]eterloratlon ?ftﬁogmt'v%reclinical markers and an early diagnosis of AD are criti-
unction, memory, language, and the essence ot the perso ally important, since early detection will help ensure early

Accurate diagnosis of AD 1S .ach|ev.e'd only at autopsy Of, e dical and social intervention for the patient and family.
biopsy when the characteristic neuritic plaques and neuro- Neurofibrillary tangles and neuritic plaques appear in en-

Tibf”'ary_ ta}ngl_es are identified in the brain: The dif‘fi_culty torhinal and transentorhinal areas of the brain during the
in identifying individuals who are developing the diseaseg; o yrociinical stages of Alzheimer’s disease (Braak &
has stimulated appreciable research on the functional ©%raak 1994° 1997 Price et al 1991). Neuropathy then

proceeds to other temporal lobe structures which include

. . . the hippocampus and the amygdala. Also affected rela-
Reprint requests to: Dr. Claire Murphy, SDAUCSD Joint Doctoral

Program, 6363 Alvarado Ct., Suite 101, San Diego, CA92120-4913. E—mail.tive'ly early inthe disease is the .fromal COI’t?X, inC|Uding the
cmurphy@sunstroke.sdsu.edu orbital frontal area. The entorhinal cortex is a target of in-
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coming olfactory information from the olfactory bullsia ~ campal atrophy in AD, demonstrated with structural MR,
the lateral olfactory tract. Entorhinal cortex supplies impor-is associated with impaired performance on both verbal and
tant input to the hippocampus CA1 neurons, with feedbackisual memory tasks (Cahn et al., 1998; Deweer et al., 1995;
from the hippocampus to the mesial entorhinal cortex. InFamaetal., 1997; Petersen et al., 2000), including the mem-
the case of olfactory input to the hippocampus, the entorhiery subtests of dementia status tests (Deweer et al., 1995;
nal cortex represents the direct and substantial link betweeRama et al., 1997; Stout et al. 1996). Data from Jernigan’s
incoming olfactory input and the hippocampus. The entodaboratory (Stout et al., 1999) showed significant correla-
rhinal cortex is multimodal and its integrity is critical for tions between the volume of mesial temporal lobe and the
the flow of olfactory information. In addition to hippocam- immediate recall measures, as well as recognition discrim-
pal projections, entorhinal cortex projects to orbital frontalinability, on the California Verbal Learning Test (CVLT;
cortex and receives input from frontal cortex and amyg-Delis et al., 1987) in demented patients. Language and mem-
dala, areas important for olfactory function (Carmichaelory tasks with verbal or naming components have been lat-
et al., 1994). Thus, areas that evidence early neuropathy ieralized to the left hemisphere and recently, stronger
Alzheimer’s disease, particularly in the mesial temporal lobeassociations have been reported in Alzheimer’s patients for
are areas that, in addition to their well-known importanceperformance on verbal memory tasks and the volume of the
for memory function (Squire, 1992), are also critical for theleft hippocampus (Cahn et al., 1998; Toledo-Morrell et al.,
processing of olfactory information. 2000).

This early vulnerability of the olfactory system to the Evidence that olfactory function is severely compro-
neuropathology of AD has motivated our strategy to usemised in AD and that there are early neuropathological
olfactory functional testing to investigate Alzheimer’s dis- changes in mesial temporal lobe structures, particularly en-
ease and to explore the potential for olfactory tests to contorhinal cortex, in patients with AD (Braak & Braak, 1992,
tribute to detection of incipient dementia (Morgan et al.,1994, 1997; Price et al., 1991), has prompted the examina-
1995; Murphy et al., 1990; Nordin & Murphy, 1996). Com- tion of the relationship between olfactory dysfunction and
pared with young adults, normal older people show lossestructural changes in the mesial temporal lobe in AD. Kess-
in odor sensitivity, odor intensity perception, odor identifi- lak et al. (1991) found evidence for an association in AD
cation, and odor memory (Murphy, 1983, 1993; Murphy patients between performance on a test of olfactory match-
et al., 1991, 1997; Schiffman, 1997). Recordings of brainto-sample and structural MRI of the hippocampal forma-
activity with the olfactory event-related potential show tion and the parahippocampal gyrus, although the relationship
slower processing of odor information (Morgan et al., 1997 was weaker than reported for verbal and visual tasks in the
1999; Murphy et al., 1994b, 1997, 2000). Even comparedtudies cited above. The non-verbal nature of this olfactory
with these age-related losses in function, patients with Alztask may have mitigated against a strong relationship. An
heimer’s disease show dramatic impairment in olfactoryolfactory task that challenges the patient to identify an odor
function (Murphy, 1999). Patients with probable AD show would seem best suited to detecting a relationship between
very poor sensitivity to odor (Murphy et al., 1990), severehippocampal atrophy and olfactory dysfunction. The verbal
deficits in odor identification (Doty et al., 1987; Knupfer & component of such a task would also suggest lateralization
Spiegel, 1986; Koss, 1986; Morgan et al., 1995; Murphyto the left hemisphere. Thus, a significant relationship be-
et al., 1998; Serby et al., 1985; Waldton, 1974), impairedween the volume of the left hippocampus and performance
odor fluency (Bacon et al., 1999), poor odor recall andon an odor identification task is hypothesized. In spite of
recognition memory (Murphy et al., 1987; Niccoli-Waller considerable evidence in support of odor identification def-
et al., 1999; Nordin & Murphy, 1996), and slower process-icits in Alzheimer’s disease, a significant relationship be-
ing of olfactory information reflected in event-related po- tween performance on these tests of olfactory function and
tentials (Morgan & Murphy, 2002). The results of this degeneration in the brain of AD patients has yet to be dem-
research strongly support the use of olfactory measures ianstratedn vivo.
the assessment of Alzheimer’s disease. Particularly high The present study investigated the relationship between
sensitivity and specificity for detecting Alzheimer’s pa- volumetric measures of mesial temporal lobe structures in
tients from controls has been demonstrated with odor idenAD patients and age-matched controls and performance
tification or odor naming tests (Morgan et al., 1995; Morganon specific tasks designed to target these areas of neuro-
& Murphy, 2002; Murphy, 1999). pathology. Regions of the MTL examined include the

Reduced volume of the mesial temporal lobe, includinghippocampus, parahippocampal gyrus, and the amygdala
the hippocampal formation and the parahippocampal aredJernigan et al., 2001a, 2001b). The hypotheses were (1)
has been detected in AD patients using magnetic resonantieat tests involving odor and visual identification would
imaging (MRI) (Fennema-Notestine et al., 1997; Jack et al.correlate strongly with volumetric measures of the hippo-
1998; Jernigan et al., 1991b). The hippocampus and asscampal area; (2) that these associations would be stronger
ciated medial temporal lobe areas, particularly entorhinalvith left hippocampal volumes than with right hippocam-
cortex, are critical for memory function. Impaired memory pal volumes; and (3) that left hippocampal volume would
function is a critical feature in the diagnostic criteria for correlate more strongly with odor identification than with
probable Alzheimer’s disease (McKhann et al., 1984). Hippo-odor threshold.
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METHODS Testing Procedures

o Odor threshold test
Research Participants
Detection thresholds were obtained monorhinically for bu-

Participants were 8 male and 5 female patients withtanol by a two-alternative (odorant and blank), forced-
probable AD, and 10 male and 12 female normal elderlychoice, ascending method of limits (see Murphy et al., 1990).
controls. Groups were matched for age (see Table 1 folhe subject was presented with two bottles, one containing
demographics). Both probable AD patients and normal conthe odorant and the other a blank consisting of deionized
trols were participants in a longitudinal study at the Alzhei-water. The spout of the bottle was inserted into the nostril
mer’s Disease Research Center (ADRC), University ofof interest. The subject was asked to squeeze the bottle in
California, San Diego. The diagnosis was made by two in-order to generate a puff of air. The subject did this sequen-
dependent senior neurologists at the ADRC, according tdially with both bottles. Then his task was to identify the
the NINCDS—ADRDA criterion for probable AD (McKhann bottle containing the strongest odor. Subjects began at the
etal., 1984) and the DSM-IV criterion for dementia (Amer- lowest dilutional step (Step 9) in order to avoid adaptation
ican Psychiatric Association, 1994). The DSM-IV criterion (Ekman et al., 1967). Incorrect choices led to presentation
requires memory impairment as well as impairment in oneof a higher concentration. Correct choices led to continued
or more of the disturbances of aphasia, apraxia, agnosigresentation of the same concentration to a criterion of five
and disturbance in executive functioning that cannot be exsuccessive correct responses. The presentation of the odor-
plained by other medical or neurological factors. Alterna-ant and blank were randomized for each trial. The nostril to
tive causes of dementia (e.g., thiamin deficiency, thyroidbe tested first was also randomly determined. There were
dysfunction) were ruled out with extensive laboratory test-approximately 45 s between trials in order to allow enough
ing (e.g., blood tests, urinalysis). Additional screening testdime for recovery of the olfactory system and to allow enough
(e.g., CSF, EEG, EKG, CT scan, MRI) were performedtime for odorant concentration to equilibrate in the head
when appropriate. Exclusionary criteria included a historyspace of the bottle.

of alcoholism, psychiatric illness, cerebral vascular acci-

dent, head trauma, or other significant neurological condi-
tion. The diagnosis of probable AD required impairment in-l—aSte threshold test

two or more areas of cognition that could not be explainedraste thresholds were measured with a two-alternative
by other medicaineurological factors. The assessed Cogni‘(tastant and blank), forced-choice procedure (see Murphy
tive areas included attention, abstract/lpmblgm solving, et g 1990). The subject was presented with two cups, one
motor, verbaflanguage, perceptuaonstructional mem-  ¢niaining a concentration of sucrose and the other contain-
ory, and orientation (for details on tests, see Nordin & Mur-ing dejonized water. The order in which the blank and stim-
phy, 1996). The controls were recruited from the patients’ ;s were presented to the subject was randomized. The
spouses and from advertising within the community. Contimuli were tested using the “sip and spit” method. The
trols were genotyped for the apolipoprotein e4 allele (Wen+piect was instructed to rinse first with deionized water,
ham etal., 1991). Half were e4and half were e4. Mean  iaste the contents of the cup, retain it in the mouth for
scores on the _fo.IIowing dementia die_tgnqstics are found irhpproximately 5 s, and then expectorate. After completing
Table 1: the Mini-Mental State Examination (MMSE; Fol- he same procedure for the two samples, the subject was
stein et al., 1975), and the Dementia Rating Scale (DRS;sked to judge which one of the two cups contained the
Mattis, 1976). The mean DRS score was 1158 2.8),  stronger taste. Thus, in both the olfactory and taste thresh-
suggesting that AD patients’ dementia severity was mild tqy|q tests the subject’s task was identical: they were asked to
moderate. choose the stronger of the two stimuli.

San Diego Odor Identification Test

Table 1. Demographics and dementia characteristics for normal

controls and patients with Alzheimer’s disease The San Diego Odor Identification Test (Murphy et al.,

1994a) employs a series of eight common natural odors
Normal controls Alzheimer’s patients  (e.g., coffee, chocolate, peanut butter) presented in opaque,
odorless, glass jars. Odors are presented individually for5 s

Variable M (SB M (SB ) . . . L .

with a 45-s interstimulus interval to minimize adaptation
Age 72.45 (1.78) 73.08 (2.19)  (Ekman et al., 1967). The participant smells each odor,
Education 15,5 (.67) 13.69 (-71)  with the eyes closed to prevent visual cues, and then at-
DRS 141.10 (:50) 117.92 (2.77) tempts to name it with the aid of a cue sheet that contains
MMSE 29.68 (.12) 22.85 (1.04)

line drawings of the items as well as distractors. If the sub-
Note. SEn parentheses. MMSE: Mini-Mental State Exam; DRS: Demen-J€Ct Was not able to identify an odorgnt, she was asked to
tia Rating Scale. guess. The test takes less than 10 min to complete.
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Boston Naming Test voxel-by-voxel basis; and finally each voxel value is multi-

plied by the mean voxel value of the original dataset. The

The Boston Naming Test (Kaplan et al., 1983) employs &ansjons of the cubic smoothing filter were chosen by sub-
series of outline drawings of objects (elienchrhinocerog. ;

hi . q ; h o rTJlective evaluation of the results obtained with a series of fil-
Each item is presented one at a time, the participant exam, j;e5 and were set at approximately 30 mm. That is, the

ines each drawing and then attempts to name it. If a SUbje("stet of voxels averaged to create each voxel value in the

has difficulty in naming an object, a stimulus or phonemicsmoothed dataset spans 33 voxels intdy directions,

cue is provided. Performance is evaluated by the number QJnd 7 voxels in the direction (i.e., it measures 31 mm

spontaneous and cued correct responses. 31 mmX 28 mm). In constructing the smoothed datasets,
] near-neighbor averages are produced only for positions within

Imaging protocol the volumes coded as brain. Similarly, only the values for

Three whole-brain image series are collected for each sufle@r-neighbors that are also brain voxels are averaged.

ject. The first is a gradient-echo (SPGR) T1-weighted se- The tissue classification procedure is an interactive, su-
ries with TR= 24 ms, TE= 5 ms, NEX= 2, flip angle= pervised process. Operators manually designate the posi-
45 field of view of 24 cm. section thickness of 1.2 mm. no tions of three sets of tissue samples, one for each of the
gaps. The second and third series are fast spin-echo (FSE3r9et tissues (gray, white, and CSF). The goals are to ob-

acquisitions yielding two separate image sets=TB000 ms, tain samples in standard anatomical locations, within re-
TE = 17 ms. ET= 4 and TR= 3800 ms. TE= 102 ms gions of homogeneous tissue; and to avoid artifacts and

ET = 8. For all series, the field of view is 24 cm. Section tissue abnormalities (such as ischemic damage). Samples

thickness for the FSE series is 4 mm, no gaps (interleaved '€ selected in locations that appear to be homogeneous and
ree of signal abnormalities both in the section to be sam-

pled and in the adjacent sections. In most cases the opera-
tors select samples in six gray matter locations (bilaterally
The image-analytic approach is similar to that used in ouin the caudate nucleus, putamen, and the pulvinar of the
previous anatomical studies (Jernigan et al., 1990, 1991ahalamus); in four white matter locations (bilaterally in the
1991b; Jernigan & Ostergaard, 1993), but represents a siguprasylvian white matter at the level of the pulvinar, and
nificant elaboration of these methods as described in Jernin similar locations at the level of the caudgpetamen);
gan et al. (2001a, 2001b). Trained anatomists who are blindnd in four locations within CSF-filled structures (2 sam-
to subject diagnosis, age, gender or any other identifyingles are taken within the frontal horns, and two more pos-
information subject each image dataset to the followingterior samples are taken at approximately the level of the
image analysis procedures: (1) interactive isolation of intrigones of the cerebral ventricles). The sample voxel val-
tracranial regions from surrounding extracranial tissue, (2ues are then analyzed using simple regression techniques to
three-dimensional digital filtering of the matrix of pixel separate first all brain parenchymal voxels from CSF vox-
values representing brain voxels to reduce inhomogeneitgls, and then gray matter voxels from white matter voxels.
artifact, (3) reslicing of the volume to a standard orienta-The regression formulae obtained in these simple analyses
tion, (4) tissue segmentation using semi-automated algaare then applied to classify each voxel within the volume as
rithms, and (5) neuroanatomical region-of-interest analysismost similar to CSF, gray matter, or white matter. Interoper-
Brain is first isolated from extracranial areas in the im- ator reliabilities for estimated tissue volumes (for indepen-
age, namely, from surrounding tissue that is in some indenttissue classification by two anatomists) were estimated
stances contiguous with brain tissue and similar in signalising 11 brain datasets, and were .92 for white matter, .95
value. This process results in a new volume within whichfor gray matter, and .99 for CSF.
the positions of brain voxels are coded, that is, a mask. The In order to facilitate anatomical region definition, resec-
reproducibility of the stripping method was assessed byioned data sets are aligned to a standardized stereotactic
performing the stripping operations independently on sixspace defined relative to the decussations of the anterior
pairs of image volumes and comparing the within-pairand posterior commissures and the structural midline. This
discrepancies. Each pair represented two FSE volumes olmproves the reliability of boundary determination, facili-
tained on different occasions in the same individual. Dis-tates reference to standard brain atlases, and makes it
crepancies in brain volume were small, ranging from .03%possible to identify small structures more consistently. Reg-
to 1.25% with a mean of .54%. istration of the T1-weighted and spin-echo data sets is ac-
Filtering is applied to reduce nonbiological signal drift complished so that registered sections from all three data
across the field of view, which is presumably due to field in- sets are available to the operators when attempting to re-
homogeneity and susceptibility effects. Athree-dimensionakolve anatomical boundaries. Anatomists circumscribe re-
high-pass filter is applied, with two iterations, separately togions on tissue-segmented images. Standardized rules are
the “stripped” proton density weighted and T2-weighted FSEapplied for delineating a set of subcortical structures and
image volumes. First, a roughly cubic near-neighbor avereortical regions. Subcortical structures include the cerebral
aging filter is applied to produce a smoothed dataset; thementricles, the caudate nucleus, the nucleus accumbens, the
the original volume is divided by the smoothed dataset on denticular nucleus, the thalamus, the substantia nigra, and a

Image analysis
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region referred to as basomesial diencephalon (which ineampus, the amygdala region, and the parahippocampal
cludes septal nuclei, mamillary bodies and other hypothagyrus.
lamic structures, the bed nucleus of the stria terminalis, and The boundaries of the mesial temporal lobe struc-
the diagonal band of Broca). Cortical regions include thetures, arguably of particular importance in the present study,
temporal lobe, frontal lobe, parietal lobe, occipital lobe,are defined as follows (and illustrated in Figure 1): The
cingulate cortex, and insular cortex. Separate measures angesial temporal lobe subregions include the amygdala area
obtained of three mesial temporal lobe structures: the hipiMTL-A), the parahippocampal region (MTL-P), and the
pocampus, the amygdala and adjacent entorfjpeairhinal  hippocampal region (MTL-H). The hippocampal and para-
cortex, and parahippocampal gyrus. The four major corti-hippocampal regions extend posterior to the pulvinar of the
cal lobes are drawn to include cortical gray matter, underthalamus where they lie inferior to the corpus callosum.
lying white matter, and CSF. Volumes of each tissue arel'hese two regions extend anteriorly to (but not including)
estimated separately within each lobe, and white matter anthe section immediately posterior to the section in which
CSF volumes are also measured in a deep subcortical zonke long columns of the fornix appear; that is, the anterior
not within any of the cortical lobes. Gray matter and adja-boundary is defined in part stereotactically. The transition
cent CSF of the cingulate cortex and insular cortex ardgo the amygdala region occurs in this (immediately poste-
defined separately. ROI analysis of 10 brain datasets wasor) section behind the long columns of the fornix and the
performed independently by two anatomists. Interoperatoregion extends anteriorly to and including the section at
reliability for estimated volumes of the 15 primary gray which the temporal pole is entirely separated from the fron-
matter structures ranged from .85 to .99, with reliability for tal lobe by the lateral sulcus. Within the posterior zone, the
most measures exceeding .95. parahippocampal region includes entorhinal, parahippocam-
For the present study the specific measures examinepal, and some lingual gyrus. The inferior boundary is the
were volume estimates for gray matter regions: the hippoeollateral sulcus and the superior boundary is defined by

//T"F‘T\ O N J"f‘ﬁ"‘\b ;'*—'il_?h}x
. | NP N e
X% Yo E3 e
' Qa ARy W S Say el

'.,.)

—t
e e v

" T
‘

O Amygdala (MTL-A) O Hippecampus (MTL-H) @ Parahippocampal Gyrus (MTL-P)

N

Fig. 1. Four representative, fully processed images from anterior (leftmost image) to posterior (rightmost image) with
mesial temporal gray matter voxels color coded to illustrate the structural boundaries for the hippocampal (MTL-H),
parahippocampal (MTL-P), and amygdala (MTL-A) regions that are critical to this study. See methods for full
description of anatomical boundaries. All CSF is coded in black, all gray matter in dark gray, and all white matter
(including abnormal signal) in light gray.



464 C. Murphy et al.

following the white matter through the bend in the para- A 2 (AD, NC) X 2 (left-, right-nostril odor threshold)
subicular region, separating the subiculum (hippocampainixed ANOVA indicated that Alzheimer’s patients show
region) from the entorhinal cortex. The more superior hip-some impairment in odor threshold sensitivity relative to
pocampal region is primarily the hippocampal formationnormal controls but the difference in odor threshold did not
and retrosplenial gyri. In posterior sections where the temreach statistical significance in this sampke(1,32) =
poral horns of the cerebral ventricles are seen, the hippat.28,p < .27]. Odor threshold sensitivity was poorer in the
campal region includes the tail of the hippocampus, thdeft nostril than in the righfF (1,32 = 4.17,p < .05]. The
fasciola cinerea, and the gyrus fasciolaris. The amygdalateraction did not reach statistical significance although
region includes amygdala, some very anterior hippocamthere was some tendency for the mean threshold to be poorer
pus, contiguous entorhinal cortex, and the uncus (whiclin the left than the right nostrils for the AD patientdl (=
includes perirhinal cortex). Representative, fully processed.5 and 5.4, respectively). Figure 3 shows the mean perfor-
images from a normal brain, illustrating the boundaries ofmance for patients and controls for odor threshold. Note
the measured brain structures are shown in Figure 1. Thnat higher numbers indicate better ability to detect the stim-
PD- and T2-weighted resliced images are also shown to aidlus. Taste threshold was not significantly different in the
in interpretation of the anatomical designations. AD patients and the contro[$(1,32 = .004,p > .95].

RESULTS Brain Measures

Differences between patients and controls for left and right

Behavioral Assessment mesial temporal lobe gray matter were assessed. In addition

_ o _ ) mesial temporal lobe was assessed separately for the hip-
AD pat|ent.s showed S|gn|f!gant]y impaired performance ONpocampal area, parahippocampal gyrus and amygdala. The
the San Diego Odor Identification Tes¥l(= 27% correct)  jts of volume measurements are a proportion of the total
relative to controls M = 62%), replicating earlier work  mper of voxels in a volume to the number of voxels in
(Morgan etal., 1995). The patients also showed poorer pefne supratentorial cranial vault. The size of each voxel is
formance on the Boston Naming TeM & 77%) relative to  g375% 9375 in plane, 4 mm thick.
controls M = 96%). A 2 (AD, NC)x 2 (San Diego Odor  gjgnificant reduction in the mesial temporal lobe volu-
Identification Test, Boston Naming Test) mixed ANOVA metric measures was found in the AD patients, replicating

showed a significant effect of diagnosis with performanceyreyious findings (Jernigan et al., 1991a). Table 2 indicates
better for NC than for AD patients=(1,3) = 21.31,p < ¢ differences in volume between patients and controls for
.0001]. There was a significant effect of task with perfor- o hippocampal gray, the parahippocampal gray and the

mance on the odor task poorer than on the visual taskmygdala. Note that the volumentric differences are shown
[F(1,3) = 91.33,p < .0001]. The interaction approached segparately for the left and the right hippocampal areas.
significance with AD patients performance on the odor task

showing a tendency to be poorer than their performance on _ _ _
the visual taskF (1,31 = 3.40,p = .075; see Figure 2].  Brain—Behavior Relationships

Hippocampal region (MTL—H)

The results of the analysis of the relationships between ol-
factory measures and the volume of the hippocampus in the
B AD Patients AD patients were different for the left and right hippocam-
pus. These are displayed in Table 3, separately for the two
hemispheres, for the AD patients and contrasted with rela-
tionships for the normal controls without genetic risk for
AD. AD patients showed a highly significant relationship
between volume of the left hippocampal area and identifi-
cation of odor stimuli ( = .85,p < .006), with Bonferroni
correction. This relationship was also confirmed with the
nonparametric Spearman rank-order correlatiaH .69,

p < .05], and is illustrated in Figure 4. Thus, patients with
smaller left hippocampal volumes were able to identify a
smaller percentage of the odor stimuli. The relationship be-
tween left hippocampal volume and scores on the Boston
Naming Test was = .74, p < .05 (nonparametric Spear-
Fig. 2. Mean (andSE) difference in performance on the San manrs = .47). When BNT and odor identification perfor-
Diego Odor Identification Test and the Boston Naming Test inmance in the AD patients were considered as predictors of
Alzheimer’s patients and controls. left hippocampal volume in a simultaneous regression, Beta

[O Controls

p—

o

o
1

PERCENT CORRECT
3

0

Odor Identification Boston Naming
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Table 2. Volume of the left and right hippocampus (MTL-H), amygdala (MTL-A), and
parahippocampal gyrus (MTL-P), in normal controls and patients with Alzheimer’s disease

Normal Alzheimer’s
controls patients
M (s M (s Significance test
Hippocampus (MTL-H)
Left 0.0068 (.00023) 0.0050 (.00028) t=5.0,p < .00003
Right 0.0070 (.00031) 0.0052 (.00037) t=2.8,p< .01
Amygdala (MTL-A)
Left 0.0055 (.00024) 0.0042 (.00034) t=2.5,p<.02
Right 0.0059 (.00024) 0.0044 (.00037) t=3.9,p < .001
Parahippocampal (MTL—P)
Left 0.0038 (.00014) 0.0031 (.00017) t=2.4,p < .02
Right 0.0035 (.00014) 0.0031 (.00012) t= 3.4,p < .005

Notes. SEn parentheses. (MTL—-H): Posterior hippocampus, fasciola cinerea, gyrus fasciolaris; (MTL-A):
amygdala, anterior hippocampus, contiguous entorhinal cortex, uncus; (MTL—P): parahippocampal gyrus,
entorhinal cortex, lingual gyrus.

weights were .18 for BNTT = .78,p > .45) and .73 for tification (Beta= —.13, T = —.60, p > .56). Thus, the
odor identification T = 3.30,p < .009). When odor iden- relationship between left hippocampal volume and odor iden-
tification was entered first in a step-wise regression on leftification in AD was confirmed with multiple regression
hippocampal volume, odor identification remained signifi- techniques. In the AD patients, left hippocampal volume
cant (Beta= .84, T = 4.98,p < .0006) when BNT was was less strongly associated with odor threshold than with
added, but BNT was not significant (Beta.61, T = .79, odor identification (Table 3). There was little association
p > .45, n.s.). However, when BNT was entered first into abetween left hippocampal volume and taste threshold. The
step-wise regression (BNT: Beta.64,T = 2.61,p < .03), correlation of hippocampal volume to odor identification in
BNT was no longer significant (Beta .17, T =.79,p >  AD may primarily reflect a correlation of both to AD se-
.45) when odor identification was entered on Step 2, buverity, rather than a direct relation between hippocampus
odor identification was significant (Beta .73, T = 3.30, and odor identification. The correlation between left hippo-
p < .009). When left and right hippocampal volumes werecampal volume and DRS was= .59,p < .05, and between
considered as predictors of odor identification in AD pa-DRS and odor identification the correlation was= .65,
tients in a multiple regression, the left hippocampus entereg < .05.

the model (Beta= .93, T = 4.14,p < .0024) but the right

hippocampus was not significantly associated with odor idenAmygda|a region (MTL-A)

The AD patients showed significant correlations between
odor threshold and right amygdala volume. That is, those
104 [0 Controls who showed larger amygdala volumes had better olfactory
) threshold sensitivity. In the AD patients the right amygdala
B AD Patients volume was more highly correlated with odor threshold
7.5 than with odor identification. Correlations between odor
threshold and left amygdala volume were not significant.
The results of this analysis are shown in Table 3. Signifi-
cant relationships observed between amygdala volume and
olfactory threshold in the normal controls without genetic
risk for AD are also shown in Table 3. Odor threshold and
left amygdala volume were highly correlated; odor thresh-
old and right amygdala volume were moderately corre-
lated. Brain behavior relationships in those at risk for AD
were complex and will be discussed elsewhere.

2.5

ODOR THRESHOLD
T

Left Nostril Right Nostril Parahippocampal region (MTL-P)

Fig. 3. Mean (andSE) difference in performance on odor thresh- The results of the analysis of the brain—behavior relation-
old, determined separately in the left and right nostrils, in Alz- ships for the parahippocampal region (MTL-P), including
heimer’s patients and controls. entorhinal cortex, parahippocampal gyrus and some lingual
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Table 3. Pearson product-moment correlatiomy jetween MRI volumes and behavioral tests

Normal controls (E4) Alzheimer’s patients
MRI volume/test Left Right Left Right
(MTL—-H): Posterior hippocampus, fasciola cinerea, gyrus fasciolaris
San Diego Odor Test 17 .23 .85x** .54*
Boston Naming Test —.29 —.47 T4x* .33
Odor threshold left -.14 -.02 .39 .62*
Odor threshold right .03 .20 .55* .66*
Odor threshold average —.05 .09 .50 .68*
Odor threshold better -.10 .01 .50 73%*
Odor threshold worse —.01 A7 A7 .59*
Taste threshold -.34 -.59 .28 .32
(MTL-A): Amygdala, anterior hippocampus, contiguous entorhinal cortex, uncus
San Diego Odor Test .69** .52* .08 A1
Boston Naming Test .36 31 —.44 -.09
Odor threshold left .86+ .53* .16 .59*
Odor threshold right .89xx* .59* .32 .45
Odor threshold average .8gx** 57* .25 .55*
Odor threshold better .86*** .52* .46 .63*
Odor threshold worse .90x** .61* .05 44
Taste threshold .04 —.04 .52 .60*
(MTL-P): Parahippocampal gyrus, entorhinal cortex, lingual gyrus
San Diego Odor Test .39 .40 -.03 .14
Boston Naming Test -.03 -.14 —.48 -.35
Odor threshold left —.08 13 41 .45
Odor threshold right -.03 .35 .55* .52
Odor threshold average —.05 .24 .50 51
Odor threshold better -.10 .15 .62* .65*
Odor threshold worse -.01 .37 .37 .36
Taste threshold -.21 —.56 .36 .39

Statistical significance:pf < .05, **p < .01, ***p < .001.
All *** correlations are significant at Bonferroni critical value @f< .006.

8 gyrus, supported a moderate association between brain vol-
ume and olfactory threshold in Alzheimer’s patients, and
these relationships are illustrated in Table 3. The patients’
threshold performance was moderately associated with both
left and right parahippocampal volumes, with threshold for
the better nostril more highly correlated with brain volume
than threshold for the poorer nostril. Threshold for the right
nostril was more highly associated with brain volume than
threshold for the left nostril. There was some tendency for
the poorer threshold to be recorded in the left nostril in the
AD patients, although the difference between medws<
4.5 and 5.4, respectively) was not statistically significant
(see results for olfactory assessment above). In contrast to
the results for the left hippocampal measure where brain
-2 T T | 1 volume was highly correlated with performance on the San
0.003 0.004  0.005 0.006  0.007 Diego Odor Identification Test, the parahippocampal mea-
MTL- Left Hippocampal Volume sure was moderately correlated with the Boston Naming
Test, but not with the San Diego Odor Identification Test.
Fig. 4. Association between left hippocampal volume and perfor-Thus the San Diego Odor Identification Test appears to be
mance on odor identification in Alzheimer’s patients. more affected by left hippocampal volume loss in AD.

el
)
1

Odor Identification
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DISCUSSION In the present study the measure “amygdala” includes
amygdala, anterior hippocampus, contiguous entorhinal cor-
The results of the present study revealed robust braintex, and the uncus, and thus is less anatomically specific
behavior relationships. The Alzheimer’s patients showed @han in fMRI studies, but probably within the resolution
highly significant relationship between volume of the left range of PET. Nevertheless, highly significant correlations
hippocampus (MTL—H) and identification of odor stimuli. were observed in the present study between odor threshold
AD patients also showed moderate relationships betweeand volume of the amygdala in normal elderly persons (see
hippocampus (MTL-H), amygdala (MTL—A), particularly Table 3). Only rarely in neuroimaging studies of olfaction
on the right, the parahippocampal gyrus (MTL—P), and odohas activation been detected in mesial temporal areas of
threshold. Normal controls without genetic risk for AD had amygdala (Cerf-Ducastel & Murphy, 2001; Savic et al.,
negligible relationships between the hippocampal or para2000; Small et al., 1997; Sobel et al., 2000; Zald & Pardo,
hippocampal gyrus and odor identification or odor thresh-1997, 2000), entorhinal cortex (Cerf-Ducastel & Murphy,
old, but did evince significant relationships between2001; Levy et al., 1997; Zald & Pardo, 2000), parahippo-
performance on odor tasks, particularly odor threshold, andampal gyrus, or hippocampus (Cerf-Ducastel & Murphy,
volume of the amygdala. The results support a relationshi@001; Levy et al., 1997; Small et al., 1997; Zald & Pardo,
between neurodegeneration and olfactory function in AD. 2000); although electrophysiological and anatomical stud-
It is of interest that the relationship of threshold with the ies indicate that the anterior cortical nucleus of the amyg-
amygdala is greater in normal controls with no dementiadala, the periamygdaloid area and the lateral entorhinal cortex
and no genetic risk for AD, and that the relationship be-receive direct projections from the olfactory bulb through
tween odor identification performance and left hippocam-the lateral olfactory track (Biella & De Curtis, 2000; Car-
pal volume is greater in AD patients. It is important to notemichael et al., 1994; Price, 1985; 1987). The entorhinal
that the odor threshold task in this study is the detectiorarea also receives olfactory projections from the amygda-
threshold, not the recognition threshold, and that the subloid area and the piriform cortex. The hippocampus is acti-
ject needed only to detect and not to name the odor in thigsated by olfactory stimulation, receives a projection to CA1
task. This contrasts with the odor identification task in whichfrom the lateral entorhinal area, and projects to the mesial
the subject was required to name the odor. The relationshipntorhinal area. Certainly there is ample evidence of the
with amygdala in the normal controls presumably reflectsrole of these mesial temporal areas in the processing of
the effects of normal aging on brain volume. The correla-olfactory information from human lesion studies (Jones-
tion of hippocampal volume to odor identification in AD Gotman & Zatorre, 1993) and behavioral, anatomical and
may primarily reflect a correlation of both to AD severity, electrophysiological studies in lower mammals (Eichen-
rather than a direct relation between hippocampus and oddraum, 1998). Thus, the inconsistent findings regarding
identification. Because of the dissociation from incomingactivation in fMRI of these areas in response to odor stim-
input to and the deterioration in the hippocampus in AD weulation may reflect the challenges of reflecting olfactory
would expect a stronger volumetric relationship with olfac- processing with fMRI. As pointed out by a number of au-
tory measures that include a memory component (odor iderthors (e.g., Cerf-Ducastel & Murphy, 2001; Yousem et al.,
tification) than with measures that are more sensory (odot997), signal loss due to inhomogeneity artifacts may have
threshold). The fact that the odor threshold is more im-decreased the detectable activation in primary olfactory areas
paired than taste threshold in AD supports the olfactoryin fMRI experiments, although similar artifacts do not oc-
contribution to impaired odor identification. Less deterio- cur with PET. Rapid adaptation in the olfactory system may
ration in the hippocampus and in odor identification perfor-also contribute to poor detectability of activation in pri-
mance would be expected in normal aging. mary olfactory areas since odors have typically been pre-
Volume of the left and right Hippocampal area (MTL-H), sented for long periods in PET and fMRI studies published
Amygdala region (MTL-A), and Parahippocampal gyrusto date. Certainly in fMRI studies where the stimulus pro-
(MTL-P), was significantly reduced in patients with Alz- tocol was designed to minimize adaptation, activation oc-
heimer’s disease. The cortical volumes measured from theurred in amygdala, hippocampus, entorhinal cortex or in
in vivo MRI data in these subjects are within the range ofregions that included these areas (Cerf-Ducastel & Mur-
post-mortem volume measures in the brains of 19 individphy, 2001). The current approach using structural MRI and
uals studied by Hubbard and Anderson (1981). Hubbardbehavioral testing to examine brain—behavior relationships
and Anderson expressed cortical gray matter as a proporepresents an alternative effective strategy for assessing
tion to total cranial vault and found a mean proportion ofbrain—behavior relationships in the olfactory system.
.42 (range .36—.47). The comparable value from in the In the present study the relatively large spatial extent of
present study for the elderly normal control subjects is ahe areas of mesial temporal lobe included in the volumet-
mean proportion of .42 (range .36—.47). The value from theic measures is likely to have underestimated relationships
AD patients in the present study is a mean proportion of .3 between functional measures and volumetric measures of
(range .33-.43), also similar to the proportion found in Hub-some of the areas in mesial temporal lobe likely to be af-
bard and Anderson (1981) for senile dementia (mean profected in early AD. The parahippocampal region (MTL—-P)
portion of .36 for 7 patients). contained entorhinal cortex and parahippocampal cortex,
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but also some lingual gyrus. The amygdala region (MTL—A)area in relational memory processing, binding together mul-
contained not only amygdala, but also anterior hippocamtiple streams of information. The present findings would be
pus, contiguous entorhinal cortex and uncus. The hippoeonsistent with the hypothesis that performance on odor
campal area (MTL-H) included both the hippocampalidentification tasks is, in part, verbally mediated and that
formation and the retrosplenial gyri. Interestingly, all of the deficit that is tapped in the AD patients by odor identi-
these areas, with the possible exception of the lingual gyfication tasks reflects their impairment in odor encoding,
rus, receive olfactory projections (Carmichael et al., 1994yerbal memory, and associative binding of odor and verbal
Cerf-Ducastel & Murphy, 2001; Price et al., 1991). It should information required for successful performance.
be appreciated that the primary olfactory areas are more Lateralization of olfactory function has presented an in-
anatomically discreet than those relatively large regions otonsistent set of findings derived from different method-
interest investigated in the present study. Nevertheless, highlylogical approaches. Psychophysical reports of odor
significant correlations between the MTL subregions investhreshold in normal subjects suggest a right hemisphere
tigated and behavioral measures of olfactory function weredvantage (Youngentob et al., 1982). Loss of brain tissue in
observed. This work lays the foundation for fMRI studiesthe right hemisphere is associated with greater impairment
addressing the functional specificity of more discreet anain odor recognition memory in temporal lobectomized pa-
tomical regions of interest and encourages approaches t@nts (Jones-Gotman & Zatorre, 1993), although Eskenazi
analysis of brain behavior relationships with structural MRIet al. (1986) reported greater deficits on the side of the
that are more anatomically specific than those employed itesion, regardless of lesion location. Imaging studies have
the present study. Voxel based methods may prove useful itrended to show bilateral activation in primary olfactory cor-
exploratory analyses of the volume of individual structurestex (piriform cortex) and greater activation in the right than
and a combination of approaches may best characterize the the left orbital—frontal cortex (Sobel et al., 2000; Zatorre
degeneration in the AD brain (Andreasen et al., 1994; Rom& Jones-Gotman, 1992), prompting Zatorre and Jones-
bouts et al., 2000; Sowell et al., 1999a, 1999b). Gotman (2000) and others to conclude that the primary
The AD patients showed a significant relationship be-sensory response appears to be bilateral while higher pro-
tween odor identification scores and hippocampal volumecessing preferentially involves the right orbital—-frontal cor-
This relationship was greater between odor identificationtex. These studies have tended to use a passive odor detection
and the left hippocampal gray volumes than between odotask. In the case of MEG studies, Kettenmann et al. (1997)
identification scores and the volume of the right hippocam-have reported greater activation in the right hemisphere
pal region. The lateralization is of interest given the recenthan in the left during passive odor task. More recent PET
neuroimaging findings of greater brain activation duringfindings have noted some hemispheric specialization based
verbally mediated tasks on the left side of the brain and tmn the familiarity of odors. Royet et al. (1999) demon-
nonverbal tasks on the right (Cohen et al., 1999; Martinstrated activation in the left inferior frontal lobe while sub-
1999). The degree to which the hippocampus and surroundects rated odor familiarity. Interestingly, unfamiliar odors
ing areas (entorhinal and parahippocampal areas) contrithrave tended to evoke greater activation on the right cere-
ute to episodic and semantic memory processes is a topic dfal hemisphere while familiar odors have tended to evoke
interest and discussion (Squire, 1992; Tulving et al., 1999)bilateral activation (Savic & Berglund, 2000). The odors in
Dissociating episodic and semantic processes has provehe present study were all familiar odors and one might
difficult. Because most patients with mesial temporal lobeexpect that familiarity played a positive role in identifica-
lesions sustain neuropathological insult to surrounding tistion (Murphy et al., 1991; Niccoli-Waller et al., 1999). The
sue it is difficult to arrive at conclusive evidence from neuro-present findings would suggest that laterialization of func-
psychological evaluation of patients. It is also difficult to tion will depend on the subject’s task, the region of interest
differentially localize PET activation within these mesial and the extent to which the region of interest is intact. Al-
temporal lobe structures. Neuropsychological studies tenthough the entorhinal cortex is clearly multimodal, its in-
to support hippocampal involvement in encoding rather thategrity will be critical for processing olfactory information
in retrieval and in episodic rather than in semantic memorythat relies on memory because it represents the direct and
In contrast, in neuroimaging studies activation in the leftsubstantial link between incoming olfactory input and the
hippocampus has been observed both during encoding afdppocampus. Thus degeneration of the entorhinal cortex
during retrieval, the latter in fewer studies and for verbaland the resulting disconnection from the hippocampus (Braak
but not nonverbal tasks. For example, Nyberg et al. (1996& Braak, 1997) might be expected to affect activation in
observed more hippocampal system activation for wordfiippocampus during odor tasks with memory components.
encoded semantically than for words encoded perceptually, The current results are consistent with existing literature
greater recall for semantically encoded words, and a strongemonstrating correlations between hippocampal volume
positive correlation between recall performance and hippoloss and a number of visual and verbal performance mea-
campal activation. Cohen et al. (1999) have argued that theures (Cahn et al., 1998; Deweer et al., 1995; Fama et al.,
two types of evidence, neuropsychological and neuroimagi997; Petersen et al., 2000), including the memory subtests
ing, rather than being in conflict, tend to support a largerof dementia status tests (Deweer et al., 1995; Fama et al.,
role for the hippocampus and indeed the parahippocampdl997; Stout et al. 1996). Stronger associations have been
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reported in AD patients for verbal memory performanceBraak H. & Braak E. (1992). The human entorhinal cortex: Nor-
and left hippocampal volume (Cahn et al., 1998; Toledo- mal morphology and lamina-specific pathology in various dis-
Morrell et al., 2000). Indeed, Fama et al. (1997) showed easesNeuroscience Researchs, 6-31.

correlations between left hippocampal volumes and overBraak H. & Braak E. (1994). Morphological criteria for the rec-
all score on the DRS that were in the same range as the ogn!tion of Alzheimer’s disealse gnd the dist.ribution pattern of
correlation for the Boston Naming Test, but below the cor-  cortical changes related to this disordéeurobiology of Aging

- - . 15, 355-356.
relation between left hippocampal volume and the odor iden- =
e . bp P Braak H. & Braak E. (1997). Frequency of stages of Alzheimer-
tification scores, in the present study.

related lesions in different age categori®éseurobiology of
Aging, 18, 351-357.
Cahn, D., Sullivan, E.V., Shear, P.K., Marsh, L., Fama, R., Lim,
CONCLUSION K.L., Yesavage, JA., Tinklenberg, J.R., & Pfefferbaum, A.

The present study found highly significant brain-behavior ~(1998). Structural MRI correlates of recognition memory in
relationships in Alzheimer's patients between volumetric Alzheimer's diseaseJournal of the International Neuropsy-

measures of the mesial temporal lobe, particularly in the chological Society4, 106-114. _
left hippocampus, and performance in identification tests Camichael, S.T., Clugnet, M.C., & Price, JL. (1994). Central
olfactory connections in the macaque monkkurnal of Com-

The finding of a stronger relationship between left hippo- parative Neurology346, 403—434,

_c:ampa}l vqlume an_d performf’:mce (_)n the Verba"Y based Od(%Eerf-Ducastel, B. & Murphy, C. (2001). FMRI activation in re-

|der1t|f|cat|on task is compatlble with a Ieft—_hemlsphere SU- " sponse to odorants orally delivered in aqueous soluGtem-

periority for verbally mediated tasks. The findings suggest 5| senses26, 625—637.

a neural substrate for the breakdown in functional perforconen, N.J,, Ryan, J., Hunt, C., Romine, L., Wszalek, T., & Nash,

mance on odor identification tasks in Alzheimer’s disease. ¢. (1999). Hippocampal system and declarative (relational)

These results also suggest the potential clinical utility of memory: Summarizing the data from functional neuroimaging

inclusion of odor identification tests in diagnostic batteries  studiesHippocampus9, 83-98.

for detecting Alzheimer’s disease. Delis, D.C., Kramer, J.H., Kaplan, E., & Ober, B.A. (198The
California Verbal Learning TestNew York: The Psychologi-
cal Corporation.

ACKNOWLEDGMENTS Deweer, B., Lehericy, S., Pillon, B., Baulac, M., Chiras, J., Mar-

) ] sault, C., Agid, Y., & Dubois. B. (1995). Memory disorders in
Supported by NIH Grant # AG04085 from the National Institute  propable Alzheimer's disease: The role of hippocampal atro-
on Aging to C.M. and the Medical Research Service of the De- phy as shown with MRIJournal of Neurology, Neurosurgery,
partment of Veterans Affairs to T.L.J. We thank Drs. Robert Katz-  gnqg Psychiatry58, 590-597.

man, Leon Thal, and David Salmon for access to patients Wh(boty R.L., Reyes, P.F., & Gregor, T. (1987). Presence of both
have been diagnosed for Alzheimer’s Disease. We gratefully ac-  jgentification and detection deficits in Alzheimer's disedein
knowledge the contributions of the patients and staff of the Uni-  pagearch Bulletinig, 597—600.

versity of California, San Diego, Alzheimer’s Disease Researcrboty R.L., Shaman, P., & Dann, M. (1984). Development of the
Centgr (NIIIA ZPSOAGOSlSL P.1: L. Thal, M'DH)' andffDrfs.hSte\./fen University of Pennsylvania Smell Identification Test: A stan-
Nordin, Jill Razani, Anna Bacon Moore an_dt e staffo t_ € L'_ €~ dardized microencapsulated test of olfactory functi@hysi-
span Human Senses Laboratory at San Diego State University. ology and Behaviqr32, 489-502.

Eichenbaum, H. (1998). Using olfaction to study memduaynals
of the New York Academy of Scienc@s5, 657—669.

REFERENCES Ekman, G., Berglund, B., Berglund, U., & Lindvall, T. (1967).
American Psychiatric Association. (199&)iagnostic and statis- Perceived intensity of odor as a function of time of adaptation.
tical manual of mental disorder&Rev. 3rd ed.). Washington, Scandinavian Journal of Psycholady; 177-186.
DC: Author. Eskenazi, B., Cain, W.S., Novelly, R.A., & Mattson, R. (1986).

Andreasen, N.C., Arndt, S., Swayze, V., Cizadlo, T., Flaum, M., Odor perception in temporal lobe epilepsy patients with and
O'Leary, D., Ehrhardt, J.C., & Yuh, W.T. (1994). Thalamic  Without temporal lobectomyNeuropsychologia24, 553-562.
abnormalities in schizophrenia visualized through magnetic resFama, R., Sullivan, E.V., Shear, P.K., Marsh, L., Yesavage, JA.,
onance image averaging§cience266, 294-298. Tinklenberg, J.R., Lim, K.O., & Pfefferbaum, A. (1997). Se-

Bacon, A.W., Bondi, M.W., Salmon, D.P., & Murphy, C. (1998). lective cortical and hippocampal volume correlates of Mattis
Very early changes in olfactory functioning due to Alzheimer’s ~ Dementia Rating Scale in Alzheimer diseaiechives of Neu-
disease and the role of apolipoprotein E in olfactiannals of rology, 43, 719-728.
the New York Academy of Scienc@35, 723-731. Fennema-Notestine, C., Archibald, S.L., Jernigan, T.L., & Thal,

Bacon, A.W., Paulsen, J.S., & Murphy, C. (1999). A test of odor L. (1997). Quantitative MRI in Alzheimer’s disease and con-
fluency in patients with Alzheimer’s disease and Huntington’s  trols with and without the apolipoprotein E e4 alle®ociety

Chorea.Journal of Clinical and Experimental Neuropsychol-  for Neuroscience Abstract&3, 2173.

ogy, 21, 341-351. Folstein, M.F., Folstein, S.E., & McHugh, P.R. (1975). “Mini-
Biella, G. & de Curtis, M. (2000). Olfactory inputs activate the Mental State”: A practical method for grading the cognitive

medial entorhinal cortex via the hippocampisurnal of Neuro- state of patients for the cliniciadournal of Psychiatric Re-

physiology 83, 1924-1931. search 12, 189-198.



470 C. Murphy et al.

Hubbard, B.M. & Anderson, J.M. (1981). A quantitative study of McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price,
cerebral atrophy in old age and senile demeriarnal of the D., & Stadlan, E.M. (1984). Clinical diagnosis of Alzheimer’s
Neurological Science$0, 135-145. disease: Report of the NINCDS-ADRDA Work Group under

Jack, C.R., Petersen, R.C., Xy, Y., O'Brien, P.C., Smith, G.E., the auspices of Department of Health and Human Services
Ivnik, R.J., Tangalos, E.G., & Kokmen, E. (1998). Rate of me-  Task Force on Alzheimer’s Diseadéeurology 34, 939-944.
dial temporal lobe atrophy in typical aging and Alzheimer’s Morgan, C.D., Covington, J.W., Geisler, M.W., Polich, J., & Mur-
diseaseNeurology 51, 993-999. phy, C. (1997). Olfactory event-related potentials: Older males

Jernigan, T.L., Press, G.A., & Hesselink, J.R. (1990). Methods for demonstrate the greatest deficEdectroencephalography and
measuring brain morphologic features on magnetic resonance Clinical Neurophysiology104, 351-358.
images: Validation and normal agingrchives of Neurology = Morgan, C., Geisler, M.W., Covington, J.W., Polich, J., & Murphy,
47, 27-32. C. (1999). Olfactory P3 in young and older aduRsychophys-

Jernigan, T.L., Archibald, S.L., Berhow, M.T., Sowell, E.R., Fos- iology, 36, 281-287.
ter, D.S., & Hesselink, J.R. (1991a). Cerebral structure on MRIMorgan, C.D. & Murphy, C. (2002). Olfactory event-related
Part I: Localization of age-related changB#logical Psychi- potentials in Alzheimer’s diseaséournal of the International
atry, 29, 55—-67. Neuropsychological Society53—763.

Jernigan, T.L., Salmon, D.P., Butters, N., & Hesselink, J.R. (1991b)Morgan, C.D., Nordin, S., & Murphy, C. (1995). Odor identifica-
Cerebral structure on MRI, Part II: Specific changes in Alz-  tion as an early marker for Alzheimer’s disease: Impact of
heimer’s and Huntington’s diseas&ological Psychiatry29, lexical functioning and detection sensitivitjournal of Clini-
68-81. cal and Experimental Neuropsycholody’, 793-803.

Jernigan T.L. & Ostergaard, A.L. (1993). Word priming and rec- Murphy, C. (1983). Age-related changes in the threshold, psycho-
ognition memory are both affected by mesial temporal lobe physical function and pleasantness of mentiournal of Ger-
damageNeuropsychology7, 14—-26. ontology 38, 217-222.

Jernigan, T.L., Ostergaard, A.L., & Fennema-Notestine, C. (2001aMurphy, C. (1993). Senescence and clinical changes in the olfac-
Mesial temporal, diencephalic, and striatal contributions to def-  tory system: Psychophysical considerationsDievelopment,
icits in single word reading, word priming, and recognition = growth and senescence in the chemical se(pps153—-160).
memory.Journal of the International Neuropsychological So- Bethesda, MD: NIH Publication No. 93-3483.
ciety, 7, 63-78. Murphy, C. (1999). Loss of olfactory function in dementing dis-

Jernigan, T.L., Archibald, S.L., Fennema-Notestine, C., Gamst, easePhysiology and Behavip66, 177-182.

A., Stout, J.C., Bonner, J., & Hesselink, J. (2001b). Effects ofMurphy, C., Anderson, J., & Markinson, S. (1994a). Psychophys-
age on tissues and regions of the cerebrum and cerebellum. ical assessment of chemosensory disorders in clinical popula-
Neurobiology of Aging22, 581-594. tions. In K. Kurihara, N. Suzuki, & H. Ogawa (EdsQIfaction

Jones-Gotman, M. & Zatorre, R.J. (1993). Odor recognition mem- and taste XI, (pp. 609-613). New York: Springer-Verlag.

ory in humans: role of right temporal and orbitofrontal regions. Murphy, C., Bacon, A.W., Bondi, M.W., & Salmon, D.P. (1998).

Brain and Cognition22, 182—-198. Apolipoprotein E status is associated with odor identification
Kaplan, E., Goodglass, H., & Weintraub, S. (198Bhe Boston deficits in non-demented older persomsmnals of the New
Naming TestPhiladelphia: Lea & Febiger. York Academy of Sciencegb5, 744—750.

Kesslak, J.P., Nalcioglu, O., & Cotman, C. (1991). QuantificationMurphy, C., Cain, W.S., Gilmore, M.M., & Skinner, B. (1991).
of magnetic resonance scans for hippocampal and parahippo- Sensory and semantic factors in recognition memory for odors
campal atrophy in Alzheimer’s disead¢eurology 41, 51-54. and graphic stimuli: Elderly versus young persofimerican

Kettenmann, B., Hummel, C., Stefan, H., & Kobal, G. (1997).  Journal of Psychologyl04, 161-192.

Multiple olfactory activity in the human neocortex identified Murphy, C., Gilmore M.M., Seery, C.S., Salmon, D.P., & Lasker,
by magnetic source imagin@hemical Sense&2, 493-502. B.P. (1990). Olfactory thresholds are associated with degree of

Knupfer, L. & Spiegel, R. (1986). Differences in olfactory test  dementia in Alzheimer’s diseasHeurobiology of Agingl1,
performance between normal aged, Alzheimer and vascular 465-469.
type dementia individualdnternational Journal of Geriatric ~ Murphy, C., Lasker, B.R., & Salmon, D.P. (1987). Olfactory dys-

Psychiatry 1, 3-14. function and odor memory in Alzheimer’s disease, Hunting-
Koss, E. (1986). Olfactory dysfunction in Alzheimer’s disease. ton’s disease and normal agin§ociety for Neuroscience
Developmental Neuropsycholgdy 89—-99. Abstracts 13, 1403.

Levy, L.M., Henkin, R.I., Hutter, A., Lin, C.S., Martins, D., & Murphy, C. & Morgan, C.D. (2001). Olfactory function and event-
Schellinger, D. (1997). Functional MRI of human olfaction. related potentials in Alzheimer’s disease. In K. Igbal, S.S. Si-
Journal of Computer Assisted TomograpBg, 849—-856. sodia, & B. Winglad (Eds.)Alzheimer’s disease: Advances in

Lorig, T.S., Elmes, D.G., Zald, D.H., & Pardo, J.V. (1999). A  etiology, pathogensis and therapeutigsp. 237-251). Lon-
computer-controlled olfactometer for fMRI and electrophysi-  don: Wiley.
ological studies of olfactiorBehavior Research Methods, In- Murphy, C., Morgan, C.D., Geisler, M.W., Wetter, S., Covington,
struments, and Computer3l, 370-375. J.W., Madowitz, M.D., Nordin, S., & Polich, J. (2000). Olfac-

Martin, A. (1999). Automatic activation of the medial temporal  tory event-related potentials and aging: Normative datizr-
lobe during encoding: Lateralized influences of meaning and national Journal of Psychophysiology6, 133—-145.
novelty. Hippocampus9, 62-70. Murphy, C., Nordin, S., & Acosta, L. (1997). Odor learning, recall

Mattis, S. (1976). Mental status examination for organic mental syn- and recognition memory in young and elderly aduNguro-
drome in the elderly patient. In L. Bellak & T.B. Katasu (Eds.), psychology11, 126-137.

Geriatric psychiatry: A handbook for psychiatrists and primary Murphy, C., Nordin, S., de Wijk, R.A., Cain, W.S., & Polich, J.
care physiciangpp. 77-121). New York: Grune & Statton. (1994b). Olfactory-evoked potentials: Assessment of young and



MRI and Olfactory Function in AD 471

elderly, and comparison to psychophysical threshGldemi-  Sobel, N., Prabhakaran, V., Zhao, Z., Desmond, J.E., Glover, G.H.,

cal Sensesl9, 47-56. Sullivan, E.V., & Gabrieli, J.D. (2000). Time course of odorant-
Niccoli-Waller, C.A., Harvey, J., Nordin, S., & Murphy, C. (1999). induced activation in the human primary olfactory cortéour-

Deficit in remote odor memory as measured by familiarity in ~ nal of Neurophysiology83, 537-551.

Alzheimer’s diseasdlournal of Adult Developmer, 131-136.  Sowell, E.R., Thompson, P.M., Holmes, C.J., Batth, R., Jernigan,
Nordin, S., Monsch, A., & Murphy, C. (1995). Unawareness of  T.L., & Toga, A. (1999a). Localizing age-related changes in

smell loss in normal aging and Alzheimer’s disease: Discrep- brain structure between childhood and adolescence using Sta-

ancy between self-reported and diagnosed smell sensitivity, tistical Parametric MappindNeurolmage9, 587-597.

Journal of Gerontology50B, P187—-P192. Sowell, E.R., Thompson, P.M., Holmes, C.J., Jernigan, T.L., &

Nordin, S. & Murphy, C. (1996). Impaired sensory and cognitive  Toga, A.W. (1999b). In vivo evidence for post-adolescent brain
olfactory function in questionable Alzheimer’s disedseuro- maturation in frontal and striatal regions [Letter to the editor].
psychology10, 112-119. Nature Neuroscien¢e, 859—861.

Nyberg, L., Mcintosh, A.R., Houle, S., Nilsson, L.G., & Tulving, Squire, L.R. (1992). Declarative and nondeclarative memory: Mul-
E. (1996). Activation of medial temporal structures during epi-  tiple brain systems supporting learning and memadournal
sodic encodingNature 380, 715-717. of Cognitive Neurosciencd, 232-242.

O’Donnell, B.F., Friedman, S., Swearer, JM., & Drachman, D. Stout, J.C., Jernigan T.L., Archibald S.L., & Salmon D.P. (1996).
(1992). Active and passive P300 latency and psychometric per- Association of dementia severity with cortical grey matter and

formance: influence of age and individual differenceger- abnormal white matter volumes in dementia of the Alzheimer
national Journal of Psychophysiology2, 187-195. type.Archives of Neurologys3, 742—749.

Ohm, T.G. & Braak, H. (1987). Olfactory bulb changes in Alzhei- Stout, J.C., Bondi, M.W., Jernigan, T.L., Archibald, S.L., Delis,
mer’s diseaseActa Neuropathologica (Berlin)3, 365—369. D.C., & Salmon, D.P. (1999). Regional cerebral volume loss

Petersen, R.C., Jack, C.R., Xu, Y.-C., Waring, S.C., O'Brien, P.C., associated with verbal learning and memory in dementia of the
Smith, G.E., lvnik, R.J., Tangalos, E.G., Boeve, B.F., & Kok-  Alzheimer Type Neuropsychologyl3, 188-197.
men, E. (2000). Memory and MRI-based hippocampal vol-Thesen, T. & Murphy, C. (2001). Age-related changes in olfactory
umes in aging and ADNeurology 54, 581-587. processing detected with olfactory event-related brain poten-
Price, J.L. (1985). Beyond the primary olfactory cortex: Olfactory-  tials using velopharyngeal closure and natural breathirigr-
related areas in the neocortex, thalamus and hypothalamus. national Journal of Psychophysiologg0, 19-27.

Chemical Sense40, 239-258. Toledo-Morrell, L., Dickerson, G., Sullivan, M.P., Spanovic, C.,
Price, J.L. (1987). The central olfactory and accessory olfactory Wilson, R., & Bennett, D.A. (2000). Hemispheric differences

systems. In T.E. Finger & W.L. Silver (EdsNeurobiology of in hippocampal volume predict verbal and spatial memory per-

taste and smellpp. 179-203). New York: Wiley. formance in patients with Alzheimer’s diseasppocampus

Price, J.L., Davis, P.B., Morris, J.C., & White, D.L. (1991). The 10, 136-142.
distribution of tangles, plaques and related immunohistochemTulving, E., Habib, R., Nyberg, L., Lepage, M., & Mcintosh, A.R.
ical markers in healthy aging and Alzheimer’s dised&$euro- (1999). Positron emission tomography correlations in and be-
biology of Aging 12, 295-312. yond medial temporal lobeslippocampus9, 71-82.

Raz, N., Raz, S., Yeo, R.A., Turkheimer, E., Bigler, E.D., & Waldton, S. (1974). Clinical observations of impaired cranial nerve
Cullum, C.M. (1987). Relationship between cognitive and mor- ~ function in senile dementigActa Psychiatrica Scandinavica
phological asymmetry in dementia of the Alzheimer type: ACT 50, 539-547.
scan studyinternational Journal of Neuroscieng®5, 225-232. Wenham, P.R., Price, W.H., & Blundell, G. (1991). Apolipopro-

Rombouts, S.A.R.B., Barkhof, F., Witter, M.P., & Scheltens, P.  tein E typing by one-stage PCRancet 337, 1158-1159.
(2000). Unbiased whole-brain analysis of gray matter loss inYoungentob, S.L., Kurtz, D.B., Leopold, D.A., Mozell, M.M., &
Alzheimer’s diseaseNeuroscience Lettey285 231-233. Hornung, D.E. (1982). Olfactory sensitivity: Is there lateral-

Royet, J.P., Koenig, O., Gregoire, M.C., Cinotti, L., Lavenne, F., ity? Chemical Senseg, 11-21.

Le Bars, D., Costes, N., Vigouroux, M., Farget, V., Sicard, G., Yousem, D.M., Williams, S.C., Howard, R.O., Andrew, C., Sim-
Holley, A., Mauguiere, F., Comar, D., & Froment, J.C. (1999). mons, A,, Allin, M., Geckle, R.J., Suskind, D., Bullmore, E.T.,
Functional anatomy of perceptual and semantic processing for Brammer, M.J.,, & Doty, R.L. (1997). Functional MR imaging
odors.Journal of Cognitive Neuroscienc#l, 94-109. during odor stimulation: Preliminary dat&adiology 204,

Savic, |. & Berglund, H. (2000). Right-nostril dominance in dis-  833-838.
crimination of unfamiliar, but not familiar odour€hemical  Zald, D.H. & Pardo, J.V. (1997). Emotion, olfaction, and the hu-
Senses25, 517-523. man amygdala: amygdala activation during aversive olfactory

Savic, |., Gulyas, B., Larsson, M., & Roland, P. (2000). Olfactory  stimulation.Proceedings of the National Academy of Sciences
functions are mediated by parallel and hierarchical processing. USA 94, 4119-4124.

Neuron 26, 735-745. Zald, D.H. & Pardo, J.V. (2000). Functional neuroimaging of the
Schiffman, S.S. (1997). Taste and smell losses in normal aging olfactory system in humanfternational Journal of Psycho-

and diseasdlournal of the American Medical Associati®Y8, physiology 36, 165-181.

1357-1362. Zatorre, R.J. & Jones-Gotman, M. (2000). Functional imaging of

Serby, M., Corwin, J., Novatt, A., Conrad, P., & Rotrosen, J. (1985). the chemical senses. In AW. Toga & J.C. Mazziotta (Eds.),
Olfaction in dementiaJournal of Neurology, Neurosurgery, Brain mapping: The applicationgp. 403—424). San Diego,
and Psychiatry48, 848—849. CA: Academic.

Small, D.M., Jones-Gotman, M., Zatorre, R.J., Petrides, M., &Zatorre, R.J., Jones-Gotman, M., Evans, A.C., & Meyer, E. (1992).
Evans, A.C. (1997). Flavor processing: More than the sum of Functional localization and lateralization of human olfactory
its parts.Neuroreport 8, 3913-3917. cortex.Nature 360, 339-340.





