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FMRI BIOMARKER OF NEURODEGENERATIVE DISEASE

This application claims the benefit of U.S. Application No. 61/784,402, filed
on March 14, 2013, which is hereby incorporated in its entirety by this reference.

STATEMENT REGARDING FEDERALLY FUNDED RESEARCH
This invention was made with government support under grant number
RO1AG036863 awarded by the National Institutes of Health. The government has

certain rights in the invention.

BACKGROUND
Neurodegenerative discase, like Alzheimer's disease (AD) and mild cognitive
impairment (MCI), are a public health problem of enormous proportions. It is
estimated that 5.4 million people currently suffer from AD in the United States. This
figure is likely underestimated due to the high number of undiagnosed patients in the
community. By the year 2050, AD is projected to affect 16 million people. The annual
cost in the United States of AD alone is approximately $200 billion.

SUMMARY

Provided herein are methods of identifying a subject with an early,
asymptomatic stage of a neurodegenerative disease or a subject with a symptomatic
(more advanced) stage of a neurodegenerative disease. The methods comprise
selecting a subject in need of screening for the early, asymptomatic stage or the
symptomatic stage of a neurodegenerative disease; placing the subject in a magnetic
resonance imaging (MRI) machine; acquiring functional MRI (fMRI) data from the
subject, optionally, while the subject performs an activation task; and calculating a
measure of local regional heterogeneity (Hcorr) in one or more brain regions. Heor 18
calculated using a computer readable medium including program instructions for
calculating H.,;;. An decrease in H,,, as compared to H,,, from a control subject is
indicative of a subject with an early, asymptomatic stage of a neurodegenerative
disease, whereas an increase in Heorr as compared to Heorr from a control subject is
indicative of a subject with a symptomatic neurodegenerative disease. Optionally the
neurodegenerative disease is mild cognitive impairment (MCI), Alzheimer’s Discase

(AD), or HIV-associated neurocognitive disorder. Optionally, the one or more brain
1
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regions include the hippocampus. Optionally, the method of claim 1, further
comprising repeating the steps of placing the subject in an MRI, acquiring a fMRI,
and calculating the Heorr  One or more times so as to assess the trend in Heorr changes
in the subject. An accelerated rate of change rate of change in H,,, in the subject as
compared to a control indicates an early, asymptomatic stage of the neurodegenerative
disease.

Further provided are methods of treating a subject with an early, asymptomatic
stage of a neurodegenerative disease or a subject with a symptomatic
neurodegenerative disease comprising identifying a subject with an early,
asymptomatic stage of a neurodegenerative disease or a symptomatic
neurodegenerative disease using fMRI and Heo,r as taught herein administering to the
subject an effective amount of an agent that prevents or delays the onset of symptoms
of the neurodegenerative disease. Optionally, the method further comprises assessing
the level of Heopr after administering the agent to the subject and/or selecting a drug
that changes Hc,r in the subject toward or within control values or stabilizes the Heorr
of the subject over time.

Also provided is a method of staging a neurodegenerative disease comprising
selecting a subject with a neurodegenerative disease; placing the subject in an MRI
machine; acquiring fMRI data from the subject, optionally, while the subject performs
an activation task, calculating a measure of local regional heterogeneity (Heor);
calculating a measure of local regional heterogeneity (Hcorr) in One or more brain
regions, wherein Heoyr 15 calculated using a computer readable medium including
program instructions for calculating Heorr,; comparing the Heor from the subject to a
plurality of Heorr values corresponding to subjects with different stages of the
neurodegenerative; and staging the neurodegenerative disease in the subject by
identifying one or differences between the Heorr from the subject and the plurality of
Heorr values corresponding to subjects with different stages of the neurodegenerative
disease.

A method of determining the effectiveness of a treatment for a
neurodegenerative disease is also provided that includes the steps of selecting a
subject with a neurodegenerative disease;
placing the subject in an MRI machine; acquiring fMRI data from the subject,

optionally, while the subject performs an activation task; calculating a measure of
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local regional heterogeneity (Hcorr) in 0ne or more brain regions, wherein Heor 18
calculated using a computer readable medium including program instructions for
calculating Heoyr,; and comparing the Heopr as calculated to the Heorr of the subject prior
to administration of an agent. A change in the H,,, after treatment toward a control
Heorr indicates the agent is effective in treating the neurodegenerative disease. No
change in Heorr or @ modulation in Heorr away from control values indicates the agent is

ineffective in treating the neurodegenerative disease in the subject.

DESCRIPTION OF DRAWINGS

Figure 1 shows that H,,r in the hippocampus, panel A) can predict episodic
memory performance in healthy older adults. Higher Hcorr correlates with a better
performance in healthy adults, signifying more selective neural activation patterns.

Figure 2 shows that H,,, at the hippocampus can predict the severity of
disease (using the diagnostic ADAS-cog score (Figure 1A) or the mini-mental state
exam (MMSE) scores (Figure 1B). Higher Heorr correlates with a more advanced
stage of disease, putatively due to increased synaptic dysfunction.

Figure 3 shows that H,, can efficiently measure drug therapeutic effects.
Using Heor, it is clear that donepezil HCl (ARICEPT® , Eisai R & D Management
Co., Tokyo, JP) is effective in subjects with a more advanced stage of AD (high Heoy,
cf. Fig. 2), but not effective in subjects at early stages of the disease (low Hcorr -

Figure 4 shows that He,,r has an initial decrease in asymptomatic individuals,
putatively due to an initial loss of inhibitory synapses leading to more uniform
activation patterns, followed by an increase, putatively due to increasing synaptic
dysfunction that leads to a breakup of locally synchronized neuronal activity, for
progressively affected individuals. Note that an ADAS score of 10 is the current
cutoff for a clinical diagnosis of MCI.

Figure 5 shows that He,r decreases (p<0.04, Fig. 5SA) were found in the right
fusiform face area (FFA), a region of the right ventral cortex associated with face
recognition, of HIV-positive women in the absence of behavioral deficits (p>0.46,
Fig. 5C) or difference in conventional fMRI of the FFA (Fig. 5B).

Figure 6 shows Horr at the hippocampus in two sub-groups of the risk+ group,
those with a single risk factor (genetic or family history), and those with double risk

factors (genetic and family history). Error bars represent SEM.
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Figure 7 shows a reversed correlation between Heorr at the hippocampus and
Cognitive Assessment (ADAS-Cog). In the risk- group, a higher Heopr SUggests better
cognitive performance. By contrast, in the risk+ group, a higher Heo,r suggests lower

performance.

DETAILED DESCRIPTION

Provided herein are methods of identifying a subject with an early,
asymptomatic (prodromal) stage of a neurodegenerative disease or a subject with a
symptomatic (more advanced) stage of a neurodegenerative discase. The methods
comprise selecting a subject in need of screening for the early, asymptomatic stage or
the symptomatic stage of a neurodegenerative disease; placing the subject in an MRI
machine; acquiring functional MRI (fMRI) data from the subject, optionally, while
the subject performs an activation task or while the subject is at rest; and calculating a
measure of local regional heterogeneity (Hcorr) in one or more brain regions. Heor 18
calculated using a computer readable medium including program instructions for
calculating Heorr. A decrease in Heorr as compared to Heorr from a control subject (or a
control group) is indicative of a subject with an early, asymptomatic stage of a
neurodegenerative disease, whereas an increase in Heorr a8 compared to Heorr from a
control subject is indicative of a subject with a symptomatic neurodegenerative
disease. Optionally the neurodegenerative disease is mild cognitive impairment
(MCI), Alzheimer’s Disease (AD), or HIV-associated neurocognitive disorder.
Optionally, the one or more brain regions include the hippocampus. Optionally, the
method of claim 1, further comprising repeating the steps of placing the subject in an
MRI, acquiring a fMRI, and calculating the Heory  One or more times so as to assess
the trend in Heorr changes in the subject. An accelerated rate of change rate of change
in He,; in the subject as compared to a control indicates an early, asymptomatic stage
of the neurodegenerative disease.

As used throughout, an increase or decrease or a rate of change in a trend of
decreasing or increasing Heor levels can be a 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100
% change, or any amount in between as compared to control. In some cases, the
difference between a subject with an early, asymptomatic stage of a
neurodegenerative disease and a healthy control or the difference between a subject

with a symptomatic neurodegenerative disease and a healthy subject can be marked
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by difference of one to two standard deviations or more. Similarly, an accelerated
rate of change in a rate of decreasing Heorr in a subject with an early, asymptomatic
neurodegenerative disease can different from a healthy control by one to two
standards deviations or more.

A neurodegenerative disease is often marked by subtle cellular changes that
precede the symptomatic period. Thus, the period of subtle cellular changes is often
overlooked. It is only once the subject begins to experience symptoms, such as motor
or memory impairment, that the subject is currently diagnosed. For example, the
reliable detection of pre-symptomatic and prodromal Alzheimer’s disease (AD) is a
major challenge. The present disclosure shows one of carliest changes indicating AD
is the modulation in neuronal specificity, which, without being limited by theory, is
probably due to synaptic toxicity caused by AP formations. These modulations can be
detected using Heorr, an fMRI analysis measure developed to probe neuronal
specificity as sparseness of neuronal activations. Briefly, Hcopr €stimates neuronal
specificity as the variance of local voxel-wise correlations in a predefined brain
region. He,, 18 @ highly sensitive and robust measure of neuronal specificity that can
be quantitatively linked to cognitive performance and impairments. Another unique
and significant advantage of Horr 1S that it can be calculated for any functional or
anatomical brain region from a single data set, thus making it an ideal tool to
investigate AD, which is often associated with widespread pathological changes in the
brain.

The present method indicates changes in Hcorr Over the entire progression of
the discase. At the carliest, asymptomatic stage, Heorr Shows an accelerated decrease
as compared to that of controls, which indicates early cellular changes or cell death.
At the symptomatic stages of the disease, however, elevated levels of H,,; occur that
parallel symptom severity. (See Figure 2). It should be noted that, in healthy controls
and asymptomatic individuals, a continuous decrease in Heorr Occurs with normal
aging, but an accelerated decrease in asymptomatic individuals suggest an early sign
of neurodegencration. Stages of a neurodegenerative disease may be associated with
a break-up of normally synchronized activity, detectable by changes in Heoyr, due to
synaptic dysfunction that progressively affects increasingly large parts of the brain.

The methods include the combination of He,, values from different brain areas to
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more finely predict disease stages, given that neurodegenerative disorders have been
shown to affect different brain arcas as disease progresses.

To identify a person at or near the onset of clinical symptoms, it is necessary
to disambiguate an increase either by (i) comparing a subsequent H,; to a subject’s
previous scan or scans (€.g., an increase in He,y after years of a steady decrease is a
sign of significant disease progression), ii) comparing a subject’s Heorr to controls
along with a neuropsychology assessment, like MMSE or ADAS-cog (e.g., an Heorr in
the "normal" range but with a ADAS-cog score near the cut-off score for MCI
diagnosis indicates an onset of clinical symptoms, see Figure 4).

The methods set forth herein can further comprise developing a normative
standard for neural activity in a region of interest in response to an activation task or
for responses obtained from the resting state, based on H,, values gathered from
control subjects. The Heo,r 0f the subject can be compared to this normative standard
in order to identify increases or decreases in Heorr. In addition, the methods can further
comprise the combination of He,,r values from different brain areas and possibly
further indices such as neuropsychological test scores, and training a classification
algorithm to combine these values to improve prediction accuracy relative to
predictions based on He,,r calculated from a single brain region.

During the fMRI, the subject may be asked to perform an activation task or
may be at rest or essentially at rest (e.g., watching television or performing a simple
motor task with minimal cognitive demands. There are advantages to performing the
fMRI when the subject is at a resting state or essentially a resting state, as this places
lower cognitive demands on the subject and permits the measurement of He,,r also in
cognitively impaired subjects. One of skill in the art can measure neuronal function at
any brain region using a single fMRI data set, in order to obtain a pattern of Heoy,
values that correspond to a particular disorder or stage of a disorder with a short fMRI
scan (such as a 5 minute resting state scan).

As used throughout, the control can be an age and intelligence matched peer or
group of peers or can be the subject in a control state (e.g., prior to or after the effect
of treatment). It is within the skill in the art to select the appropriate control subject,
control value, or control group.

Further provided are methods of treating a subject with an early, asymptomatic

stage of a neurodegenerative disease or a subject with a symptomatic
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neurodegenerative disease comprising identifying a subject with an early,
asymptomatic stage of a neurodegenerative disease or a symptomatic
neurodegenerative disease using fMRI and Hc,, as taught herein and administering to
the subject an effective amount of an agent that prevents or delays the onset of
symptoms of the neurodegenerative disease or that reverses or reduces symptoms.
Optionally, the method further comprises assessing the level of Heoyr after
administering the agent to the subject and/or selecting a drug that changes or
stabilizes H,, in the subject toward or near control values or stabilizes the Heo,, of
the subject over time. The provided methods thus allow an ongoing assessment of
treatment and the responsiveness of the subject to a selected treatment. The goal in
treating a subject with the early, asymptomatic stage of the neurodegenerative discase
18 to slow the accelerated decrease in H.,, over time or to increase the H,,, level
closer to or within control levels. The goal in treating a subject with a symptomatic
neurodegenerative disease is to reduce or stabilize the subject’s Heorr toward or within
control levels.

Also provided is a method of staging a neurodegenerative disease comprising
selecting a subject with a neurodegenerative disease; placing the subject in an MRI
machine; acquiring fMRI data from the subject, optionally, while the subject performs
an activation task calculating a measure of local regional heterogeneity (Heor);
calculating a measure of local regional heterogeneity (Hcorr) in One or more brain
regions, wherein H,, is calculated using a computer readable medium including
program instructions for calculating Heorr,; comparing the Heor from the subject to a
plurality of Heorr values corresponding to subjects with different stages of the
neurodegenerative; and staging the neurodegenerative disease in the subject by
identifying one or differences between the H,,, from the subject and the plurality of
Heorr values corresponding to subjects with different stages of the neurodegenerative
disease.

A method of determining the effectiveness of a treatment for a
neurodegenerative disease is also provided that includes the steps of selecting a
subject with a neurodegenerative disease;
placing the subject in an MRI machine; acquiring fMRI data from the subject,
optionally, while the subject performs an activation task; calculating a measure of

local regional heterogeneity (H,,,,) in one or more brain regions, wherein H, 18
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calculated using a computer readable medium including program instructions for
calculating Heoyr,; and comparing the Heo,r as calculated to the Heorr of the subject
prior to administration of an agent. A change in the Hco after treatment toward a
control H,,, indicates the agent is effective in treating the neurodegenerative disease.
No change in Heorr Or @ modulation in Heorr away from control values indicates the
agent is ineffective in treating the neurodegenerative disease in the subject. Compared
to behavioral testing, Heorr offers an advantage by detecting neuronal dysfunction
before the onset of behavioral symptoms, thus, allowing use for screening and
developing agents to prevent or delay the onset of neurodegenerative conditions like
AD or MCI and to test the effectiveness of the agent.

As used throughout, neurodegenerative diseases include disorders marked by a
progressive loss of neuronal structure or function and include, by way of example,
Mild Cognitive Impairment (MCI), Parkinson’s Disease (PD), Alzheimer’s Discase
(AD), and Huntington’s Disease, HIV-Associated Neurocognitive Disorder (HAND).

As utilized throughout, MCI is a brain function syndrome involving the onset
and evolution of cognitive impairments beyond those expected based on the age and
education of the individual, but which are not significant enough to interfere with
their daily activities. MCI that primarily affects memory is known as "amnestic MCL."
With amnestic MCI, a person may start to forget important information that he or she
would previously have recalled easily, such as appointments, conversations or recent
events. Amnestic MCI is frequently seen as a prodromal stage of AD. Studies suggest
that these individuals tend to progress to probable AD at a rate of approximately 10%
to 15% per year. MCI that affects thinking skills other than memory is known as
"nonamnestic MCL." Thinking skills that may be affected by nonamnestic MCI
include the ability to make sound decisions, judge the time or sequence of steps
needed to complete a complex task, or visual perception.

As utilized throughout, AD is a type of dementia that causes problems with
memory, thinking and behavior. Symptoms usually develop slowly and get worse
over time, becoming severe enough to interfere with daily tasks. In its early stages,
memory loss is mild, but with late-stage Alzheimer's, individuals lose the ability to
carry on a conversation and respond to their environment. As set forth below, there
are several stages of AD. Although there are symptoms associated with each stage,

these stages can overlap.
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For example, at Stage 1 of AD, the subject does not experience any memory
problems and there is no evidence of symptoms of dementia.

At Stage 2 of AD, the subject may feel as if he or she is having memory
lapses, for example, forgetting familiar words or the location of everyday objects.
However, no symptoms of dementia can be detected during a medical examination or
by friends, family or co-workers.

At Stage 3 of AD, there is mild cognitive decline characterized by noticeable
problems, for example, coming up with the right word or name; trouble remembering
names when introduced to new people; having noticeably greater difficulty
performing tasks in a social or work setting; forgetting material that one has just read;
losing or misplacing a valuable object; or increasing trouble with planning or
organizing.

At Stage 4 of AD, there is moderate cognitive decline characterized by, for
example, forgetfulness of recent events; impaired ability to perform challenging
mental arithmetic; for example, counting backward from 100 by 7s; greater difficulty
performing complex tasks, such as planning dinner for guests, paying bills or
managing finances; forgetfulness about one's own personal history or becoming
moody or withdrawn, especially in socially or mentally challenging situations.

At Stage 5 of AD, there is moderately severe cognitive decline where gaps in
memory and thinking are noticeable, and individuals begin to need help with day-to
day activities. At this stage, those with Alzheimer’s may be unable to recall their own
address or telephone number or the high school or college from which they graduated.
They may become confused about where they are or what day it is, or have trouble
with less challenging mental arithmetic, such as counting backward from 40 by
subtracting 4s or from 20 by 2s. They may need help choosing proper clothing for the
season or the occasion; still remember significant details about themselves and their
family; and still require no assistance with eating or using the toilet.

Stage 6 of AD is characterized by severe cognitive decline. Memory
continues to worsen, personality changes may take place and individuals need
extensive help with daily activities. At this stage, individuals may lose awareness of
recent experiences as well as of their surroundings; remember their own name but
have difficulty with their personal history; distinguish familiar and unfamiliar faces

but have trouble remembering the name of a spouse or caregiver; need help dressing
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properly; and may, without supervision, make mistakes such as putting pajamas over
daytime clothes or shoes on the wrong feet; experience major changes in sleep
patterns; need help handling details of toileting (for example, flushing the toilet,
wiping or disposing of tissue properly); have increasingly frequent trouble controlling
their bladder or bowels; experience major personality and behavioral changes,
including suspiciousness and delusions (such as believing that their caregiver is an
impostor)or compulsive; repetitive behavior like hand-wringing or tissue shredding;
or tend to wander or become lost.

At Stage 7, AD is characterized by very severe cognitive decline. In the final
stage of this disease, individuals lose the ability to respond to their environment, to
carry on a conversation and, eventually, to control movement. They may still say
words or phrases. At this stage, individuals need help with much of their daily
personal care, including eating or using the toilet. They may also lose the ability to
smile, to sit without support and to hold their heads up. Reflexes often become
abnormal, muscles grow rigid and swallowing is impaired.

As utilized throughout, HAND refers to a set of neurological problems related
to thinking, memory, mood, and sometimes physical coordination and function that
occurs in subjects that are HIV-positive. HAND can often be mild so that these
symptoms are barely detectable and unnoticed by the person with the condition. In
this form, it is called asymptomatic neurocognitive impairment (ANI). HAND can
also cause mild-to-moderate symptoms, at which point it is referred to as mild
neurocognitive disorder (MND). In its most severe form, people can progress to HIV-
associated dementia (HAD). All of these, from the asymptomatic to the debilitating,
are covered under the term HAND.

Depending on the nature of the neurodegenerative disorder, one of skill in the
art may choose to analyze Hcor 1n one or more selected brain regions of interest
(functional or anatomical). For example, the hippocampus or frontal cortex may be
assessed in subjects with MCI or AD, whereas the substantia nigra, striatum or other
parts of the basal ganglia may be assessed in subjects with Huntington’s Disease or
PD. In addition, the methods can further comprise the combination of Her values
from different brain areas and possibly further indices such a neuropsychological test

scores, and training a classification algorithm to combine these values to improve
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prediction accuracy relative to predictions based on Heorr calculated from a single
brain region.

By way of example, a subject in need of screening for MCI or AD can be, but
is not limited to, a subject experiencing memory lapses or memory loss, a subject
experiencing any of the symptoms associated with amnestic MCI or non-amnestic
MCI, a subject experiencing any of the symptoms associated with one or more stages
of AD, a subject with a familial history of MCI or AD, a subject over 65 years of age,
or a subject with a genetic predisposition to MCI or AD (for example, a subject with
mutations in Presenilin 1, Presenilin 2 or Amyloid beta (A4) precursor protein or a
subject with APOe-4 genetic risk). In the case of Huntington’s Disease and PD, the
subject may be experiencing tremors or other motor symptoms or may have genetic
mutations associated with PD or Huntington’s Discase. However, the subject can be
asymptomatic and be in need of screening because of one or more risk factors, such as
age, family history, history of concussions, and/or genetic predisposition, for
example.

As used throughout, the subject can be a vertebrate, more specifically a
mammal, for example, a human. The term does not denote a particular age or sex. As
used herein, patient or subject may be used interchangeably and can refer to a subject
with a disease or disorder. The term patient or subject includes human and veterinary
subjects.

As utilized throughout, functional magnetic resonance imaging (fMRI) is an
MRI procedure that measures brain activity by detecting associated changes in blood
flow. This technique relies on the fact that cerebral blood flow and neuronal activation
are coupled. When an area of the brain is in use, blood flow to that region also
increases. fMRI imaging can be applied in combination with one or more stimuli, for
example, an activation task, that activates specific regions of the brain or by imaging
during the “resting state” when there is neither a task nor stimuli presented to subjects
(resting state fMRI scans). Local brain activity is then measured on the basis of local
hemodynamic changes (changes in deoxyhemoglobin concentration, measured as
blood oxygen level dependent signal, or BOLD signal) that occur in response to the
various activation tasks or are due to spontancous neural activations (resting state
scan). Rapid T2*-sensitive imaging is performed during the performance of activation

tasks and during rest periods. fMRI scans are collected and analyzed using techniques
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designed to extract signal intensity information from the time series collected. fMRI
data analysis involves (1)fMRI signal intensity information over time is correlated
with the time course of the activation tasks to allow identification and visualization of
task-related brain activity in the regions of interest; (i1) comparisons may then be
performed between the fMRI data for the images obtained during the stimulus task
periods and during the rest periods; (ii1) patterns of neural activity can be compared to
activity observed in controls and with statistical norms for healthy individuals and for
patients known to be afflicted with a cognitive disorder, for example, MCI, AD or
HIV-associated neurocognitive disorder (HAND). However, it has been shown that
these traditional fMRI data analysis techniques are not sensitive probes of changes in
neuronal specificity due to disease-induced neurodegeneration (as in AD).
Measurements and comparisons are performed using a computer readable medium
including program instructions for measurements and comparisons and, optionally,
including a database of control values of healthy subjects and/or subjects with, for
example, AD, MCI, or HAND.

The methods set forth herein involve measuring neuronal specificity and
function in a region of interest in the brain (e.g., the hippocampus) from fMRI scans.
Once these fMRI data are acquired, a measure of local regional heterogeneity (Heorr)
is calculated using a computer readable medium including program instructions for
calculating He,r. In order to calculate Heorr, raw time series data are obtained from the
fMRI scan, wherein the raw time series data correspond to the region of interest. The
data are normalized but not smoothed, followed by removal of the mean, any linear
trends, and low frequency variations. The fMRI data from every timepoint are used in
a pair-wise correlation analysis between responses in each voxel Vox;, which results

in a set of pairwise correlation coefficients (for n voxels), 1.
ry =corr(Vox, Vox), i, jel.n
A measure of local heterogeneity, Heor, as the standard error of the mean (SEM) or

standard deviation (SD) of those correlation coefficients (rj;, 1<j, because rjj-rj;, and rj;

=1) is calculated using the following equation:
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In the methods provided herein the computer readable medium includes
program code executable by a processor of a computing device or system. The
program code comprises instructions for retrieving fMRI data attributed to a region of
interest in the brain of a subject, code comprising instructions for performing a pair-
wise correlation analysis and code comprising instructions for calculating Heo,r. The
computer readable medium can further comprise code with instructions for identifying
an increase or a decrease in Heorr as compared to a control. Optionally, the computer
readable medium can include program code with instructions for comparing the Heo,:
value of the subject with a database of Heorr values for healthy subjects, subjects with
MCI, and/or subjects with AD and identifying differences between the H,,, value of
the subjects and the He,,r values in the database.

As utilized throughout, fMRI scans are usually performed over the whole
brain but can also be obtained from subregions of the brain. A unique advantage of
the novel H,,,, technique is that, using a single fMRI data set, neuronal dysfunctions
in any set of brain regions can be probed, such as the hippocampus, frontal cortex,
temporal cortex, occipital cortex, prefrontal cortex, thalamus, cerebellum, brainstem,
or functionally-defined brain regions like the fusiform face area (FFA), visual word
form area (VWFA), or parahippocampal place area (PPA). One of skill in the art can
measure neuronal function at any brain region using a single fMRI data set, in order to
obtain a pattern of He,r values that correspond to a particular disorder or stage of a
disorder with a short fMRI scan (such as a 5 minute resting state scan). This pattern
can be compared to a pattern of H,,; values that correspond to a control subject, in
order to identify a subject with a cognitive disorder or at risk for a cognitive disorder.

As set forth above, an increase in Heorr as compared to Heorr from a control
subject is indicative of a subject with symptomatic neurodegenerative disease.
Depending on the amplitude of the increase, the increase in Heorr can be indicative of
MCI, mild AD or a later stage of AD. An increase in H,,,, can be due to substantial
synaptic dysfunctions. Progressive synaptic loss associated with neurodegenerative

disease progression leads to a breakup of synchronized neuronal activity. This
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manifests in an increased variability of voxel-wise correlations. Thus, higher values
of Heorr predict synaptic dysfunction and worsening of the disease. In contrast, at
early, including prodromal disease stages, Heorr values are predicted to be lower, as
theses disease stages may be associated with a loss of neuronal selectivity that leads to
more uniform neuronal activation patterns. The methods include the combination of
Heorr values from different brain areas to more finely predict disease stages, given that
neurodegenerative disorders have been shown to affect different brain areas as disease
progresses.

Early identification of neurodegenerative disease allows the application of
therapeutics before substantial degeneration has occurred, so as to prevent or reduce
the loss of cognitive ability or function and to delay or prevent structural damage and
mitigating symptoms. Hc analysis of fMRI data can be performed subsequent to the
onset of symptoms in order to monitor progression or treatment, if any, of the disease.
Further, depending on the amplitude of the increase in Heor as compared to a control,
one of skill in the art can predict if the disease will progress, and if so, how rapidly
and to what extent.

As utilized throughout, a control subject can be a healthy subject, or a subject
that is at low risk for MCI or AD. A subject at low risk for MCI or AD can be, for
example, an asymptomatic subject that is less than 65 years old, a subject with no
familial history of MCI or AD or a subject that does not have a genetic predisposition
for MCI or AD. The control subject can also be the same subject for which H,,
values were obtained at an earlier timepoint, for example, before the onset of AD or
MCI. Any of the control subjects provided herein can also be an age-matched control.

The methods set forth herein can further comprise developing a normative
standard for neural activity in a region of interest in response to an activation task or
for responses obtained from the resting state, based on Heor values gathered from
control subjects. The Heo,r 0f the subject can be compared to this normative standard
in order to identify increases or decreases in Heorr. In addition, the methods can further
comprise the combination of H,,, values from different brain areas and possibly
further indices such a neuropsychological test scores, and training a classification
algorithm to combine these values to improve prediction accuracy relative to

predictions based on He,,r calculated from a single brain region.
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The methods provided herein can be used in combination with other methods
in order to identify a subject with a neurodegenerative disease or at risk of developing
a symptomatic neurodegenerative disease. The methods provided herein can be
combined with one or more of a physical examination, a neurological examination, a
brief mental status test, neuropsychological testing to assess thinking and memory, an
ADAS-cog score, a CT scan, a PET scan or a blood test that identifies biomarkers of
MCI or AD. Similarly various neurological tests of motor function can also be used
to diagnosis PD or Huntington’s Disease or other neurodegenerative discases.

In the treatment methods provided herein, the diagnostic methods can be
combined with agents used to treat the neurodegenerative disease. Optionally, the
agent can be selective, for example, for MCI or AD or a particular stage thereof and
can be combined with a variety of other treatment methods (e.g., surgical stimulation).
In the methods set forth herein to treat a stage of AD, the agent can be, but is not
limited to, donepezil HCI (ARICEPT®) or memantine (NAMENDA®) (Merz Pharma
GMBH & CO, Frankfurt, Germany)), galantamine (RAZADYNE® (Johnson &
Johnson, New Brunswick, NJ), rivastigmine tartrate (EXELON® (Novartis, Basel,
Switzerland)). Known medications for treating a subject with HIV which can be used
or combined with agetns identified with screening methods taught herein include,
without limitation, Highly Active Antiretroviral Therapy (HAART).

Methods herein can be used to determine the effectiveness of treatment. If the
treatment is not effective, one of skill in the art can choose to change the dosage of the
agent, administer a second agent, and/or administer a different agent. One of skill in
the art could also choose to combine the agent with another agent, at the same or a
different dose. If the treatment is effective, depending on the efficacy of the agent,
one of skill in the art can choose to maintain the treatment or modify the treatment by
changing the dosage, combining the agent with another agent or administering a
different agent in order to further improve efficacy.

The effective amount of the agent or pharmaceutically acceptable salts thereof
as described herein may be determined by one of ordinary skill in the art and includes
exemplary dosage amounts for a mammal of from about 0.001 to about 50 mg/kg of
body weight of active agent per day, which can be administered in a single dose or in
the form of individual divided doses, such as from 1 to 4 times per day. The dosage

ranges for administration are those large enough to produce the desired effect in
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which one or more symptoms of a cognitive disorder are affected. The dosage should
not be so large as to cause substantial adverse side effects, such as unwanted cross-
reactions, anaphylactic reactions, and the like. Generally, the dosage will vary with
the age, condition, sex, type of disease, the extent of the disease or disorder, route of
administration, or whether other drugs are included in the regimen, and can be
determined by one of skill in the art. The dosage can be adjusted by the individual
physician in the event of any contraindications. Dosages can vary, and can be
administered in one or more dose administrations daily, for one or several days, and
may be continued indefinitely. Dose range should not exceed the maximally tolerated
clinical dose, which can vary across compounds depending on potency, formulation,
and duration of action. Effective doses can also be extrapolated from dose-response
curves derived from in vitro or animal models.

Disclosed are materials, compositions, and components that can be used for,
can be used in conjunction with, can be used in preparation for, or are products of the
disclosed methods and compositions. These and other materials are disclosed herein,
and it is understood that when combinations, subsets, interactions, groups, etc. of
these materials are disclosed that while specific reference of each various individual
and collective combinations and permutations of these compounds may not be
explicitly disclosed, each is specifically contemplated and described herein. For
example, if a method is disclosed and discussed and a number of modifications that
can be made to a number of molecules including the method are discussed, each and
every combination and permutation of the method, and the modifications that are
possible are specifically contemplated unless specifically indicated to the contrary.
Likewise, any subset or combination of these is also specifically contemplated and
disclosed. This concept applies to all aspects of this disclosure including, but not
limited to, steps in methods using the disclosed compositions. Thus, if there are a
variety of additional steps that can be performed, it is understood that each of these
additional steps can be performed with any specific method steps or combination of
method steps of the disclosed methods, and that each such combination or subset of
combinations is specifically contemplated and should be considered disclosed.

Publications cited herein and the material for which they are cited are hereby

specifically incorporated by reference in their entireties.
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EXAMPLES
Example 1 Detection of Aging-related Cognitive Decline (Figure 1)

Three 6.5-minute runs of fMRI data were collected from ten healthy older
adults (68.1 £+ 3.1 years old, seven women) while they were performing a motor task
embedded with an implicit sequence. Verbal fluency and episodic memory
performance was assessed 1 or 2 days later, using Controlled Oral Word Association
Test-FAS and University of Southern California-Repeatable Episodic Memory Test,
respectively. Heor was calculated for the following regions: hippocampus (a critical
brain region for memory), and parahippocampus, and the visual word form area or
VWFA (a critical brain region for language). For hippocampus and parahippocampus,
respectively, the data from left and right hemisphere were collapsed together.
Performance of episodic memory (total units) was quantitatively predicted by Heoy
(r=0.82, p<0.004, Fig. 1), but not by a conventional analysis (p>0.68) of fMRI
responses in hippocampus. The results show that, in healthy older adults, Heor in
individual brain region is correlated with performance of the corresponding cognitive
functions, with a lower H,, value corresponding to a decrease in performance, likely

due to age-related neuronal dedifferentiation.

Example 2 Detection of Mild Cognitive Impairment

Eleven individuals with MCI (age 70.1+7.4, four female) and thirteen healthy
controls (age 66.448.2, 7 female) participated in a clinical study on the drug
Donepezil, which was prescribed to all participants during the 2-5 month study
period. Cognitive function was assessed before and after the clinical drug period using
AD Assessment Scale-Cognitive subscale (ADAS-Cog) and Mini-Mental Status
Examination (MMSE), along with two fMRI scans to assess modulations in neuronal
function. The fMRI study included three 11-minute runs. During the first run, subjects
were instructed to judge whether a word on the screen referred to an animate or non-
animate object. Then, during the 2nd and 3rd runs, subjects were instructed to judge

whether a word on the screen had been shown to them during the first run or not.

Heorr in hippocampus predicts AD severity in individuals with MCI
In individuals with MCI, ADAS scores were quantitatively predicted by Heoyr
in the hippocampus (1=0.81, p<0.003, Fig. 2A; higher ADAS scores indicate higher
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degrees of impairment). The strong positive correlation (in contrast to the results
from healthy elders on an episodic memory test) suggests that substantial and
widespread synapse loss — which would result in a desynchronization of local
neuronal activity — is already present in individuals with MCI. Similar results were
observed with MMSE scores (r=-0.83, p<0.002, Fig. 2B; lower MMSE scores
indicate higher degrees of impairment). These strong and robust correlation results
show that Hr in the hippocampus can serve as a neurally-based measure of discase

progression.

Heorr is highly efficient in examining therapeutic effects of AD drugs

The effects of a drug (Donepezil) treatment were evaluated using Heorr in the
hippocampus, along with clinical assessments like MMSE and ADAS. A weak
improvement (undetectable via MMSE (p>0.43 or ADAS, p>0.55) was revealed by a
reduction in Heor at hippocampus (p=0.079). A close examination revealed that the
drug Donepezil was more effective with patients at advanced stages of disease, but
not with those at earlier stages of disease (r=0.91, p=0.0001, Fig. 3A). In the five
patients at advanced stages of disease (original Heorr > 0.0015), a small but significant
improvement in MMSE (p<0.04) was also found, but not in the other six patients with
an original Hey less than 0.0015 (p>0.32), in line with recent reports that Donepezil is
more effective in treating individuals at more advanced stages of AD. Furthermore, a
correlation analysis between the changes in MMSE and H,,,, revealed that patients
with improvements at the neuronal level (measured as a reduction in Heorr) are more
likely to have improvements at behavioral level (r=0.53, p=0.092, excluding one
outlier subject (i.c., having a change in neuronal level but very limited improvements
at behavioral level) yields a highly significant correlation, r=0.80, p=0.0056, Fig. 3B).
The results show that Her 1s highly sensitive to drug treatment, and might serve as a
superior alternative to evaluate therapeutic effects than more commonly used
behavior-based diagnoses, such as MMSE or ADAS, which are both shown to be less
sensitive than H,,,. Figure 3 shows that H,,,, can efficiently measure drug therapeutic
effects. Using Heop, it is clear that the drug ARICEPT® helps people at more advanced
stage of AD, but not people at carly stages of the disease. This fMRI technique can
help drug companies move forward more rapidly, at reduced cost, to develop drugs

for treating AD, as the (i) is highly sensitive in capturing neural therapy in the brain in
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vivo and (i1) can detect drug effects with a much smaller sample size. Furthermore, the
Heore for a given individual can be used to monitor and adjust treatment for that

individual.

Heorr predicts a U-shaped curve from cognitive normals to MCI patients.

The bottom of the U-shape matches well with the clinical cutoff for MCI
(ADAS>=10), suggesting a rebound in Hcorr could be an early indicator of MCI, prior
to the onset of behavioral symptoms. See Figure 4. If a person at risk goes through a
routine MRI scan each year, an age-related slow decline is expected in Heorr (See Fig.
4). A rapid decline in Heo,r followed by an increase in Heorr indicates an increased
likelihood that a subject will experience the onset of clinical symptoms of MCI.

Since significant synapse damage can occur prior to the onset of MCI, treatment could
be most effective during the period of decline in Heoyr, and prior to the rebound (i.e.,
the subsequent increase in Hcorm, particularly for individuals with one or more risk
factors for MCI or AD.

Modulations in neuronal specificity were present in pre-symptomatic and
prodromal patients, possibly due to synaptic toxicity caused by AP formations, and
the presence and degree of synaptic dysfunction can be directly detected and
quantified using the novel Heorr technique. Usually, a lower Heoy, 18 associated with a
lower behavioral performance as neurons in the region of interest (ROI) respond more
similarly and are less able to differentiate inputs, and vice versa.

The computational simulations, confirmed by experimental data (see above),
show that Hc,,, first decreases with mild synapse loss (especially inhibitory ones), as a
loss of intra-area inhibition leads to decreased differentiation of neuronal activation.
However, as synapse loss progresses (extending to both excitatory and inhibitory
synapses), Heorr 18 predicted to increase as intra-area neuronal coupling breaks down,
leading to a progressive disappearance of synchronized neuronal activation patterns in
the region of interest. This predicts a U-shaped dependency of Heor as a function of
disease progression and progressive decline in cognitive performance (see Fig. 4):
Heorr can quantitatively predict cognitive function in both healthy older adults, and
individuals with mild cognitive impairment (MCI), but with the predicted opposite

pattern, e.g., higher values of Hco in the hippocampus is associated with higher
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cognitive performance in healthy older adults, but lower cognitive performance in

MCI patients (see Fig. 1, 2), with a clear transition.

Taken together, these data show a U-shaped change of He,,r from cognitively
normal to cognitively impaired during AD progression, as shown in Fig. 4. Fitting the
data into a quadratic function revealed several notable findings: (i) The curve reached
its minimum at an MMSE of 10, in line with the literature regarding the optimal cut-
off score of ADAS-Cog in MCI diagnosis; ii) A rebound in He,, after aging-induced
decrease would suggest significant pathological changes in hippocampus, thus the
rebound has the potential to serve as a diagnostic biomarker to detect the onset of

Alzheimer disease.

Example 3: H,,, is highly sensitive and can detect subtle modulations in
neuronal function in asymptomatic HIV+ patients

Nineteen middle-aged women (12 HIV-positive, age 45-55 (49.9+£3.5)) with
normal behavior participated in a study to investigate the neural bases of HIV-
associated neurocognitive disorders (HAND). See Figure 5. A block design was used
to collect MRI images from two localizer scans for each subject to identify FFA.

The FFA was first identified using the standard contrast of Face > House
masked by Face > Baseline (p<0.0001, uncorrected) in each subject individually, with
comparable size across subjects (45-48 voxels). Both the novel Heor and conventional
data analyses were conducted on fMRI responses in the FFA. While conventional
analysis found no differences between HIV-negative controls and HIV-positive
patients (p>0.47, Fig. 5B), the novel H,,,, analysis revealed that H,,, in the FFA was
significantly lower in HIV-positive than HIV-negative participants (p<0.04, Fig. 5A),
even in the absence of differences in face discrimination abilities (p>0.86, Fig. 5C)
between the two groups. These results indicate that neuronal dysfunction is already
present in middle-aged HIV-positive women, in the absence of measurable changes at
the behavioral level, and that these modulations at the neuronal level can be detected
by the novel Hcorr technique, but not conventional fMRI techniques, suggesting that
Heorr 18 highly sensitive and can detect early neuronal dysfunction in asymptomatic
patients. Such a high sensitivity makes Hco,r @ promising tool to evaluate drug or other
therapeutic effects in asymptomatic patients, when behavioral assessments cannot

detect differences.
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Example 4: A Rebound in H,,, with Disease Progression

As set forth above, while H,,,, at the hippocampus decreases prior to the onset
of symptoms, it could also show signs of rebound prior to the onset of MCI.
Interestingly, in subjects with normal cognitive performance, a clear rebound has been
observed, when comparing individuals with a single risk factor (genetic or family
history) to those with double risk factors (genetic and family history) (Figure 6),
suggesting the existence of significant pathological changes prior to the onset of MCI,
especially in those at very high risk (genetic plus family history) of AD. Furthermore,
these data also suggest that H.,, can serve as an effective and non-invasive biomarker
to evaluate those without behavioral symptoms, when treatment is likely to be most
effective and when behavioral assays such as standard neuropsychology tests cannot

detect treatment effects.

Example 5: A Reversed Correlation Between H,,,, and Cognitive
Performance

As set forth above, while a higher H,,,, is correlated to better cognitive
performance in healthy older adults, a higher H.,, in individuals at more advanced
stages of disease (i.e., MCI) is correlated with lower performance. Data from 14
subjects shows this correlation. It was also observed that a reverse correlation
between H., and cognitive performance is already present in healthy older adults at
risk of AD (Fig. 7), suggesting that the rebound pattern happens much earlier, i.c.,
prior to the onset of MCI, probably due to significant synapse damage even in
individuals without behavioral symptoms (see also, Fig. 6). As significant damage to
synapses could occur at rather early stages of disease, i.e., prior to the onset of MCI,
current treatments may be ineffective in fighting AD because of the late stage of use.
Analysis of H,,» could be used to focus treatment on asymptomatic individuals (prior

to the onset of MCI).
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WHAT IS CLAIMED IS:

1.

A method of identifying a subject with an early, asymptomatic stage of a
neurodegenerative disease comprising:
a. selecting a subject in need of screening for the early, asymptomatic stage
of a neurodegenerative disease;
b. placing the subject in an MRI machine;
c. acquiring fMRI data from the subject, optionally, while the subject
performs an activation task; and
d. calculating a measure of local regional heterogeneity (Hcorr) in one or more
brain regions, wherein Heor 1s calculated using a computer readable
medium including program instructions for calculating Hco,r, and wherein
an decrease in Heorr as compared to Heorr from a control subject is
indicative of a subject with an early, asymptomatic stage of a
neurodegenerative disease.
The method of claim 1, wherein the subject is at risk for mild cognitive
impairment (MCI), Alzheimer’s Disease (AD), or HIV-associated neurocognitive
disorder.
The method of any of claims 1-2, wherein the region of interest is the
hippocampus.
The method of any of claims 1-3, wherein the control is a healthy subject or a
subject at low risk of developing MCI or AD.
The method of claim 1, further comprising repeating steps b-d one or more times
to determine a rate of change in Heorr in the subject, an accelerated rate of change
as compared to a control indicating an early, asymptomatic stage of the
neurodegenerative disease.
A method of treating a subject with an early, asymptomatic stage of a
neurodegenerative disease comprising
a. identifying a subject with an early, asymptomatic stage of a
neurodegenerative disease according to the method of any of claims 1-5;
and
b. administering to the subject an effective amount of an agent that prevents

or delays the onset of symptoms of the neurodegenerative disease.
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10.

11.

12.

13.

14.

15.

16.

The method of claim 6, further comprising assessing the level of Heor after
administering the agent to the subject.
The method of claim 7, further comprising selecting a drug that increases Heorr in
the subject to or near control values.
A method of identifying a subject with a symptomatic neurodegenerative disease
comprising:
a. selecting a subject in need of screening for a symptomatic
neurodegenerative disease;
b. placing the subject in an MRI machine;
c. acquiring fMRI data from the subject, optionally, while the subject
performs an activation task; and
d. calculating a measure of local regional heterogeneity (Hco,r) in one or more
brain regions, wherein Heor 1s calculated using a computer readable
medium including program instructions for calculating Hcor, and wherein
an increase in Heorr as compared to Heorr from a control subject is indicative
of a subject with a symptomatic neurodegenerative disease.
The method of claim 9, wherein the subject performs the activation task, wherein
the activation task induces functional activity in a brain region of interest.
The method of claim 10, wherein the specific activation task is an episodic
memory task.
The method of claim 9, wherein the subject has mild cognitive impairment
(MCI), Alzheimer’s Disease (AD), or HIV-associated neurocognitive disorder.
The method of any of claims 9-12, wherein the region of interest is the
hippocampus.
The method of any of claims 9-13, wherein the control is a healthy subject or a
subject at low risk of developing MCI or AD.
The method of claim 9, further comprising repeating steps b-d one or more times
to determine a rate of change in Heorr in the subject, an accelerated rate of change
as compared to a control indicating progression of the neurodegenerative disease.
A method of treating a subject with a symptomatic neurodegenerative discase
comprising
a. identifying a subject with a symptomatic neurodegenerative discase

according to the method of any of claims 9-15; and
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b.

administering to the subject an effective amount of an agent that prevents

or delays the onset of symptoms of the neurodegenerative disease.

17. The method of claim 16, wherein the agent is donepezil or nemantine.

18. A method of staging a neurodegenerative disease comprising:

a.
b.

C.

selecting a subject with a neurodegenerative disease;

placing the subject in an MRI machine;

acquiring fMRI data from the subject, optionally, while the subject
performs an activation task calculating a measure of local regional
heterogeneity (Hcorr),

calculating a measure of local regional heterogeneity (Heor) in one or more
brain regions, wherein Heor 1s calculated using a computer readable
medium including program instructions for calculating Heoyy,;

comparing the Heorr from the subject to a plurality of Heor values
corresponding to subjects with different stages of the neurodegenerative;
and

staging the neurodegenerative disease in the subject by identifying one or
differences between the Heo,r from the subject and the plurality of Heorr
values corresponding to subjects with different stages of the

neurodegenerative disease.

19. A method of determining the effectiveness of a treatment for a neurodegenerative

disease comprising:

selecting a subject with a neurodegenerative disease;

placing the subject in an MRI machine;

acquiring fMRI data from the subject, optionally, while the subject
performs an activation task; and

calculating a measure of local regional heterogeneity (Heor) in one or more
brain regions, wherein Heor 1s calculated using a computer readable
medium including program instructions for calculating Heorr,; and
comparing the H,,, calculated in step (d) to the H,,; of the subject prior to
administration of the agent, wherein a change in the Heorr after treatment
toward a control Hey, is effective in treating the neurodegenerative disease

and wherein no change in Heorr or @ modulation in Heorr away from control
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values is ineffective in treating the neurodegenerative disease in the
subject.
20. The method of claim 19, wherein the neurodegenerative disease is MCI, AD, or

HIV-associate neurocognitive disorder.
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