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Currently Alzheimer’s disease, which affects more than 20 million people worldwide, can
only be definitively diagnosed by histological examination of brain tissue obtained at
autopsy or biopsy. There is a great need for an early, noninvasive, sensitive, and easily
administered diagnostic test of Alzheimer’s disease. Here it is reported that patients
diagnosed with probable Alzheimer’s disease by standard clinical criteria exhibited a
marked hypersensitivity in their pupil dilation response to a cholinergic antagonist, tropic-
amide, placed in their eyes. It was possible to distinguish 18 of 19 individuals (95%) either
clinically diagnosed with Alzheimer’s disease or classified as suspect Alzheimer’s indi-
viduals by neuropsychological screening from 30 of 32 normal elderly controls (94%).

Alzheimer’s disease is a neurodegenerative
disorder of the central nervous system that
affects almost 1 in 10 individuals who sur-
vive beyond the age of 65. With advancing
age, the prevalence of the disease increases
to an estimated 19% for individuals 75 to
85 years old and greater than 45% for indi-
viduals over 85 (1). The disease is charac-
terized by progressive memory loss and the
decline of other higher cognitive functions
such as attention (2-5). This cognitive de-
cline is presumably the consequence of the
synaptic loss and extensive neuronal cell
death that occur in regions of the brain
involved in cognition and memory (6, 7).
Two characteristic neuropathological le-
sions have been found in these regions:
intracellular neurofibrillary tangles, com-
posed of abnormally phosphorylated cy-
toskeletal proteins; and complex protein de-
posits, called amyloid, consisting primarily
of a ~40—amino acid peptide, AB (5, 7-9).
In addition, the amyloid deposits contain
an inflammation-associated antiprotease
(a-antichymotrypsin), the enzyme butyryl
cholinesterase (10), and a protein involved
in lipid transport (apolipoprotein E) (11,
12). The presence of amyloid deposits and
neurofibrillary tangles are required for the
definitive diagnosis of the disease but can
only be detected by microscopic examina-
tion of brain tissue (usually at autopsy). In
the absence of such histopathological anal-
ysis, a provisional diagnosis of probable or
possible Alzheimer’s disease can be ren-
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dered only after extensive neurological and
neuropsychological testing.

Currently Alzheimer’s disease may be
incorrectly diagnosed clinically in as many
as 25 to 40% of cases in nonresearch diag-
nostic settings (I, 13). Neuropsychological
tests commonly used in the diagnosis of
Alzheimer’s disease are relatively insensi-
tive to cognitive changes in the very early
stages of the disease and are often not spe-
cific (14). It would be very useful to have a
test for Alzheimer’s disease that could be
administered during life and would allow for
early and positive diagnosis. Such a test
would make it easier to identify appropriate
individuals for future pharmacological
treatments that would be aimed at stem-
ming the progression of the disease.

The potential test for Alzheimer’s dis-
ease reported here derives from a consid-
eration of certain similarities between pa-
tients with Down syndrome and patients
with probable Alzheimer’s disease. Indi-
viduals with Down syndrome who live
beyond the age of 30 develop the same
brain lesions that characterize Alzheimer’s
disease and in most cases exhibit a related
dementia (8, 15-20). This similarity en-
couraged us to search for physiological
characteristics associated with Down syn-
drome that might also be present in Al-
zheimer’s disease (21, 22). It has been
shown that individuals with Down syn-
drome exhibit a hypersensitivity to com-
pounds that act as antagonists of acetyl-
choline neurotransmission (22—24). This
hypersensitivity can be detected by mea-
suring changes in heart rate or pupil size in
response to these agents (22-24). In this
report we show that patients with clinical-
ly diagnosed Alzheimer’s disease are hy-
persensitive to the pupil-dilating effect of
the acetylcholine receptor antagonist
tropicamide.

We tested 58 individuals for their pupil
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response to a very dilute solution of tropic-
amide. These subjects were divided into
five experimental groups (two groups of
patients and three control groups of com-
munity-dwelling elderly individuals). One
patient group consisted of 14 individuals
who had been previously diagnosed with
probable Alzheimer’s disease on the basis of
standard clinical criteria (25, 26). The oth-
er patient group was a pilot sample of four
patients diagnosed with one of the follow-
ing non-Alzheimer’s type dementias: Korsa-
koffs syndrome, multi-infarct dementia,
and dementia with an extrapyramidal syn-
drome. The remaining 40 elderly individu-
als were assigned to one of three control
groups according to neuropsychological
screening criteria defined before the initia-
tion of the study. Normal controls consisted
of 32 individuals who performed at or above
age norms on a battery of neuropsycholog-
ical tests that assessed intellectual capacity,
attention, memory, and language (26). Five
individuals whose performance yielded ab-
normalities in memory and discrepancies
between estimated life-long intelligence
quotient and current performance in cogni-
tive tests were classified as “suspect” Alz-
heimer’s individuals. Three individuals who
exhibited abnormal performance on cogni-
tive tests but had no salient memory deficit
were classified as “cognitively abnormal”
elderly for this study.

Before being tested, subjects were seated
in a comfortable semidarkened room 1.5 m
in front of a television screen and given
sufficient time (2 to 3 min) for their eyes to
accommodate to the dim illumination. Af-
ter resting pupil diameter (baseline) mea-
surements were recorded for 1 min from
each eye, a single drop of a very dilute
solution of tropicamide was administered to
one eye (arbitrarily chosen) and a drop of a
control solution (sterile water) to the other
eye. The researcher administering the drops
was blind to which solution was being ap-
plied to which eye. Pupil diameter data
were obtained from each eye for 30-s sam-
ples at scheduled times over the course of 1
hour.

A comparison of the pupil dilation re-
sponse of patients with clinically diagnosed
Alzheimer’s disease and experimental con-
trols to the acetylcholine receptor antago-
nist tropicamide is shown in Fig. 1. As
expected, the treated pupils of the normal
controls (Fig. 1A, lower curve) showed a
minimal increase in pupil diameter over the
course of the hour. In contrast, the patients
clinically diagnosed with Alzheimer’s dis-
ease displayed a pronounced response to the
pupil-dilating effect of tropicamide (Fig.
1A, upper curve). A comparison of the
response of patients with clinically diag-
nosed Alzheimer’s disease, the suspect Alz-
heimer’s individuals, the cognitively abnor-

1051




Fig. 1. Pupil dilation response to the acetylcholine 30
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receptor antagonist tropicamide in patients with
probable Alzheimer’s disease and experimental
control groups. The pupil dilation (mydriasis) of
patients with probable Alzheimer’s disease and
experimental control groups was elicited by the
topical application of tropicamide in one eye and a
solution of sterile water applied to the other eye.
Tropicamide, a synthetic analog of atropine, is
commonly used in ophthalmology to dilate the
pupil and allow examination of the fundus. Solu-
tions of tropicamide at 0.5 to 1.0% are normally
used to dilate the pupil maximally in 20 to 40 min.
The concentration of tropicamide used in this
study (0.01%) was chosen so as to cause minimal
dilation of normal eyes. After application of tropic- 1
amide, pupil diameter was measured seven times
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29, 41, and 51 min. Pupil diameter was measured 0 10 20
with a video-based pupil center-to-corneal reflec-

tion system capable of measuring eye position

and pupil diameter (Applied Science Labora-

tories, Bedford, Massachusetts). The sampling rate was 60 Hz, yielding 1800
samples per 30-s measurement cycle. Between measurement intervals, sub-
jects were shown segments from the videotape Fantasia to reduce anxiety,
fatigue, and boredom from sitting in a semi-darkened room. Each time point
shown in (A) represents the mean percentage change in pupil diameter over
resting pupil diameter (baseline) measurement in the treated eye of patients
and normal controls. A Kruskal-Wallis pairwise multisample test was used to
determine the significance of the differential tropicamide sensitivity of the
Alzheimer’s (@) and control groups (O). Overall, the results indicated that at

Time (min) 0 10 20 30 40 50 60
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minute 29 there was a 23.4% (SEM 3.8%) change in the pupil diameter of
patients with probable Alzheimer’s disease compared with a 5% (SEM 1.7%)
change for normal subjects (P = 0.009). The five curves representing all
subjects fall broadly into two groups. As shown in (B), the percentage change
in pupil diameter of the treated eye over baseline of the suspect Alzheimer’s
subjects (A) and the cognitively abnormal subjects (M) closely parallels that of
the patients with probable Alzheimer’s disease (@), whereas the patients with
non-Alzheimer’s type dementia ({J) exhibit a pattern like that of normal con-
trols (O).

mal subjects, the patients with non-Alzhei-
mer’s type dementia, and the normal con-
trols is shown in Fig. 1B. Both the suspect
Alzheimer’s disease individuals and the cog-
nitively abnormal subjects show an almost
identical pattern of pupillary response to
that of patients with clinically diagnosed
Alzheimer’s disease. In contrast, the re-
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sponse of the group of patients diagnosed
with non-Alzheimer’s type dementia was
similar to the performance of the normal
controls.

The complete set of data for the minute
29 sampling point (the point of maximal
separation of clinically diagnosed Alzhei-
mer’s patients and normal elderly control
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subjects) is presented in Fig. 2A. Each sym-
bol represents the percent change in pupil
size over baseline of a single individual. The
means and the =95% confidence intervals
of the means for patients with probable
Alzheimer’s disease and the normal controls
are plotted in Fig. 2B. There was a clear
separation between these groups beginning

Fig. 2. Individual pupil dilation scores (percent
change over baseline) at minute 29 for patients
with probable Alzheimer’s disease and all control
subjects (A), and mean percentage change in pu-
pil dilation with £95% confidence intervals for pa-
tients with probable Alzheimer’s disease and nor-
mal elderly controls (B). A minimum overlap in the
pupil dilation scores between groups and be-
tween individuals in different groups was obtained
by designating 13% change in pupil diameter at
minute 29 of the assay as a cutoff point. Of the 40
elderly subjects from the community that were
tested [normal elderly controls (NC), suspect Al-
zheimer’s dementia individuals (SAD), and cogni-
tively abnormal elderly subjects (CAE)], nine
showed a positive response to the assay that was
=13% at minute 29, of which seven were either in
the suspect Alzheimer’s disease group or the
cognitively abnormal elderly group. Thus, only 2 of
32 normal elderly controls exhibited an exagger-

ated positive pupil response to the assay but had no other clinically notable cognitive or neurological
defects. This number of positive pupil responses in our “‘normal’’ sample is within the order of magnitude
one should expect from previous studies of the prevalence of this disease in the community. It is therefore
possible that these two individuals may, like subject SG discussed in the text, have sufficient Alzheimer’s
pathology to register a positive pupil finding but do not yet exhibit clinically discernible symptoms of
cognitive decline. Of the four patients with non-Alzheimer’s type dementia (NAD) who were included as
a pilot sample, three showed a minimal response to the pupil assay and reacted as the normal sample.
One subject (diagnosed with Korsakoff's syndrome) exhibited a pupil response similar to that of patients

with probable Alzheimer’s disease.
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at minute 15. This distinct separation be-
tween the groups was maintained at minute
29 after instillation for the =99% confi-
dence intervals (27).

These graphs indicate that, with few ex-
ceptions, both the patients with a diagnosis
of probable Alzheimer’s disease and the sub-
jects we have classified as “suspect” Alzhei-
mer’s individuals could be distinguished
from the normal controls on the basis of
their hypersensitivity to tropicamide. Fur-
thermore, the fact that the response of pa-
tients in our pilot sample with non-Alzhei-
mer’s—type dementias is similar to that of
normal controls suggests that the pupil di-
lation assay may be specific for Alzheimer’s
pathology, although more studies will be
necessary to demonstrate specificity and to
determine the mechanism of the response
(28).

When we combine the data from the
14 patients with probable Alzheimer’s dis-
ease and the 5 subjects we have classified
as suspect Alzheimer’s individuals, 18 of
19 subjects exhibited a positive response
to the pupil dilation assay. This 95% con-
cordance between the clinical or suspect-
ed diagnosis and the results of the pupil
assay is consistent with the finding in our
dementia clinic that 95% of patients
whom we clinically diagnose with proba-
ble Alzheimer’s disease and who are sub-
sequently brought to autopsy have patho-
logically confirmed Alzheimer’s disease
(29).

Several findings from this study suggest
that the tropicamide pupil dilation test may
be able to identify individuals with Alzhei-
mer’s disease before the onset of clinical
symptoms of dementia. First, patients with a
clinical diagnosis of Alzheimer’s disease
who exhibited an exaggerated mydriatic re-
sponse included the most mildly demented
individuals as measured by the Informa-
tion-Concentration-Memory subtest of
the Blessed Dementia Rating Scale, and
we found no correlation between patients’
dementia scores and a positive pupil re-
sult. The lack of such a correlation sug-
gests that the pupil assay may be sensitive
to the earliest stages of the disease. Sec-
ondly, almost all of the elderly individuals
living in the community whom we tested
and who showed a positive pupil response
also exhibited neuropsychological deficits
and most were found to have a salient
memory impairment consistent with Alz-
heimer’s disease.

Of particular interest is the case of
patient SG. This elderly subject living in
the community initially exhibited a posi-
tive pupil response to tropicamide but
showed no obvious cognitive deficits and
only a self report of mild difficulty with
some daily living activities. He was retest-
ed 9 months later and continued to show

a positive pupil response. During this in-
terval he exhibited a substantial decline
(from O to 6) on the Information-Concen-
tration-Memory subtest of the Blessed De-
mentia Rating Scale and developed clear
memory deficits. These results indicate
that the pupil dilation assay was sensitive
enough to detect an abnormal response in
an elderly community-dwelling individual
who subsequently developed symptoms
consistent with a diagnosis of probable
Alzheimer’s disease.

If these early results are supported by
further testing, the tropicamide pupil dila-
tion test might be able to identify Alzhei-
mer’s patients early in the disease process,
when they could most benefit from thera-
pies currently in clinical trials designed to
slow the progression of the disease. Unlike
other biochemical and physiological tests
now being developed, the pupil dilation
response is safe, relatively noninvasive, sen-
sitive, and easy to quantitate with already
available, automated instrumentation.
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Alzheimer’s Disease and Related Disorders Associ-
ation (NINCDS-ADRDA) diagnostic criteria for prob-
able Alzheimer’s disease and performed significantly
worse than the 32 cognitively normal elderly controls
(NC) on the Information-Memory-Concentration
subtest of the Blessed Dementia Rating Scale, a
standard clinical measure of disease severity (AD =
17 = 7, range = 4-27; NC = 0.7 = 0.85, range =
0-3; P < 0.01). The scores on the Blessed Dementia
Rating Scale range from 0 to 37 with 37 representing
the most severe impairment. The NINCDS-ADRDA
criteria for a diagnosis of probable Alzheimer’s dis-
ease require that (i) dementia be established by clin-
ical examination and be documented by a measure
such as the Blessed Dementia Rating Scale, (i) the
patient exhibits deficits in two or more areas of cog-
nition, (iii) there is a progressive worsening of mem-
ory and other cognitive functions, (iv) the patient has
no disturbance of consciousness, (v) there is an on-
set between the ages of 40 and 90, and (vi) there is
an absence of systemic or brain diseases that in and
of themselves could account for progressive deficits
in memory and cognition. Initially, 43 elderly individ-
uals, either spouses of patients or healthy volunteers
recruited through advertisement in the metropolitan
Boston area, were enrolled in this study to participate
as controls. Three individuals did not meet screening
criteria because of significant ocular pathology and
therefore were not studied. Of the remaining 40 in-
dividuals who participated in the study [mean age 72
+ 6 years.(no significant difference from the patient
groups)], 32 were considered cognitively normal on
the basis of neuropsychological screening. A pilot
sample of four patients with a diagnosis of non-Alz-
heimer’s type dementia were also included for study,
mean age 66 * 6 years. Two of these patients had a
primary diagnosis of Korsakoff's syndrome, one was
diagnosed as having multi-infarct dementia, and one
a dementia with an extrapyramidal syndrome. All
subjects completed an informed consent agree-
ment. With the exception of the control patient with
the extrapyramidal syndrome (parkinsonian-like), all
subjects had unremarkable findings on a neuro-oph-
thalmological examination evaluating saccades,
smooth pursuit, visual fields to confrontation, and
partial field optokinetic nystagmus. No individuals
were accepted into the study who had glaucoma or
iridectomies or if they were found to have a narrow
anterior chamber predisposing them to closed an-
gle glaucoma in response to tropicamide. Three
potential normal controls volunteering for this study
were not tested because of iridectomies in one or
both eyes. No potential subjects were rejected on
the basis of a narrow anterior chamber. None of the
normal controls had diseases of the central ner-
vous system by history. Medication use in patients
and all control subjects was comparable. No sub-
ject was taking medications with known interaction
effects with tropicamide. No patients were taking
any experimental acetylcholinesterase inhibitors
(such as Cognex) that could have interfered with
the assay. All subjects had a brief bedside neuro-
logical examination. Subjects were then screened
with a neuropsychological battery of standard
measures that assessed attention (Digit Span),
memory (Wechsler Logical Memory Subtest and
Visual Reproduction Subtest), naming (Boston
Naming Test), and general intellectual ability (Na-
tional Adult Reading Test) to determine if they were
cognitively normal. The screening was carried out
by an individual who was blind to any findings from
the pupil assay. On the basis of their performance
on the neuropsychological battery of tests, the
subjects were assigned to one of three groups as
described in the text.

L. F. M. Scinto et al., data not shown.

Further research will be necessary to identify the
precise site and mechanism of the defect in the
pupil dilation response we have observed. The
control of pupil diameter represents a balance be-
tween the cholinergic and adrenergic innervation of
the iris muscle and is influenced directly and indi-
rectly by central and autonomic nervous system
inputs. Any of these systems could be affected in
Alzheimer’s disease and lead to a hypersensitivity
to tropicamide. Possibilities include: (i) reduced in-
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nervation of the target muscle through neuronal cell
death, axon retraction, or reduced release, in-
creased degradation, or increased re-uptake of
neurotransmitter; (i) altered amounts or function of
a neurotransmitter receptor; or (jii) the impairment
of central equilibrating mechanisms.
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Coding of Visual Space by Premotor Neurons
Michael S. A. Graziano,* Gregory S. Yap, Charles G. Gross

In primates, the premotor cortex is involved in the sensory guidance of movement. Many
neurons in ventral premotor cortex respond to visual stimuli in the space adjacent to the
hand or arm. These visual receptive fields were found to move when the arm moved but
not when the eye moved; that is, they are in arm-centered, not retinocentric, coordinates.
Thus, they provide a representation of space near the body that may be useful for the

visual control of reaching.

Premotor cortex is involved in the prepa-
ration and guidance of movement (I). In
monkeys, many premotor neurons are ac-
tive when the animal moves. In ventral
premotor cortex, neurons also respond to
visual stimuli and may play a role in the
visual guidance of movement. Most of these
visual neurons also respond to tactile stim-
uli; they have tactile receptive fields (RFs)
on the face or arms, and corresponding
visual RFs extend outward from the tactile
fields into the space surrounding the body
(Fig. 1) (2, 3). The tactile RFs are somato-
topically organized (4), and therefore the
corresponding visual RFs provide a map of
the visual space near the body (5). Al-
though the visual RFs are large, each one
giving only crude information about spatial
location, a population of these cells could
specify the location of targets for limb and
body movements.

In most other regions of the brain, visual
RFs are retinocentric. That is, when the
eyes move, the visual RFs move with them,
thereby remaining at the same retinal site.
Such cells form a spatial coordinate system
that can measure the position of a stimulus
with respect to the eye. However, some
investigators have suggested that a more
stable coordinate system attached to the
head or trunk might better serve visuospa-
tial function (6). We studied the visual
responses in ventral premotor cortex (ven-
tral area 6) to determine how they encode
the space near the body. Are the RFs of
these cells retinocentric, or are they ex-
pressed in a coordinate system attached to
the head, trunk, or some other part of the
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body? We concentrated on studying the
bimodal cells with tactile RFs on the arm
and tested the effect of varying the angle
of gaze and the position of the arm on
their visual responses. We found that most
of these cells code space in arm-centered
coordinates.

Single neuron responses in ventral pre-
motor cortex (Fig. 1A) (7) were studied in
two tame male Macaca fascicularis (6.0 and
7.0 kg). For one monkey, weekly recording
sessions were conducted while the animal
was anesthetized with nitrous oxide and
oxygen and immobilized with pancuronium
bromide. For the second monkey, daily re-
cording sessions were conducted while the
animal was unanesthetized and trained to
fixate. The animal’s head was fixed in
place, and the arm contralateral to the re-
cording electrode was restrained. Eye posi-

tion was monitored with a scleral search
coil (8).

We plotted somatosensory RFs by ma-
nipulating the joints and stroking the skin.
Visual RFs were plotted with objects pre-
sented on a wand. To distinguish a visual
response from a tactile response, we also
tested the cells with the animal’s eyes cov-
ered. Visual responses were tested quantita-
tively with stimuli presented by a motorized
track.

In the anesthetized preparation, 141
neurons were studied, of which 42% (n =
59) were somatosensory, 1% (n = 2) were
visual, 27% (n = 38) were bimodal visual-
somatosensory, and 30% (n = 42) were
unresponsive to our stimuli. In the awake
preparation, 211 neurons were studied, of
which 36% (n = 75) were somatosensory,
motor, or both (9); 8% (n = 17) were
visual; 31% (n = 65) were bimodal; and
25% (n = 54) were unresponsive. Of the
visual and bimodal cells, only nine showed
any response during overt movements of
the animal.

A typical example of a bimodal cell stud-
ied in the anesthetized preparation is shown
in Fig. 1B. When a visual stimulus was
moved within 10 cm of the tactile RF on
the face, the cell responded. By approach-
ing the face from various angles, we mea-
sured the extent of the visual RF in three
dimensions. Figure 1C shows another cell
studied under the same condition. It had a
tactile RF on the contralateral arm. When
the arm was moved toward the ipsilateral
side, the visual RF was dragged across the
midline and into the ipsilateral field of
view, even though the eyes remained fixed;
that is, the visual RF was not retinocentric;
rather, it was arm-centered.

In the awake preparation, we studied
the effects of changing the position of
both the animal’s arm and gaze. Figure 2

Fig. 1. (A) Ventral premotor cortex (shaded). (B and C) Two examples of RFs of bimodal, visual-tactile
neurons studied in the anesthetized preparation. In (B), the tactile RF (stippled) and the visual RF (boxed)
correspond in location. The arrowhead indicates the hemisphere recorded from. In (C), the lateral borders
of the visual RF are shown by solid lines. As indicated by the dashed line, the RF extended more than 1
m from the animal. The black dot on the head indicates the hemisphere recorded from. When the arm was
out of view (left), the visual RF extended from 90° to 45° contralateral. When the arm was moved forward
(center), the visual RF moved to the front of the animal. When the arm was bent toward the ipsilateral side

(right), the visual RF moved with it.
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