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ABSTRACT: Recent advancements in Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET) 
have allowed us to measure brain changes that occur during various stages of Alzheimer’s Disease (AD). The utilization of these 
tools has arguably enabled us to effectively characterize important neural features of AD. Using Structural MRI, researchers have 
measured global and regional brain tissue loss and ventricular enlargement in AD Patients, evaluated by cognitive decline and AD 
clinical manifestations. Using Functional MRI and Perfusion MRI, researchers have detected abnormal network dysfunction and 
alterations in blood flow in the brains of AD patients, which occur along with neuropathological changes. Using PET, scientists 
examined reduced metabolic brain activity and glucose levels in certain brain cortices of AD patients. Although the exact cellular-
level mechanisms behind many of these neural phenomena are still unclear, these imaging methods have allowed us to dive deeper 
into the neural correlates of AD and have brought the possibility of diagnosing AD at the pre-symptomatic stage closer to reality.
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�   Introduction
Since the German physician, Dr. Alois Alzheimer, docu-

mented the existence of Alzheimer’s Disease in 1906, much 
insight has been gained about this neurological condition. 
Alzheimer's Disease (AD), a prominent type of senile de-
mentia, is a fatal neurodegenerative disorder most prevalent in 
individuals over the age of 60.¹ Although the etiology of AD 
is not fully understood, the two primary the histopathologi-
cal hallmarks of this illness in its early stages are notably the 
deposition of extracellular β-amyloid plaques and intraneu-
ronal tangles of hyperphosphorylated tau proteins across the 
brain, specifically within the medial temporal lobe.² General-
ly, β-amyloid plaques first aggregate in the basal cortex before 
spreading to other brain structures.³ Significant tau neuro-
fibrillary tangles have been found to correlate with subtle 
cognitive dysfunction in individuals without AD, hinting that 
it may be present during incipient AD or other pre-dementia 
stages, like mild cognitive impairment (MCI). These tangles 
first clump together in the transentorhinal area before spread-
ing throughout the limbic area and in the association cortices.⁴ 
Specifically, the spread of tau tangles defines the progression 
of the Braak stage of AD, which is made up of the so-called 
transentorhinal, limbic, and isocortical stages, respectively.⁵ 
Deposition of these proteins induces gradual neuronal damage 
in individuals with AD, leading to AD’s clinical symptoms. 
Moreover, protein deposition impedes neuronal communica-
tion before cell death, which also leads to memory problems, 
difficulties in word-finding, and the eventual, general cogni-
tive decline and difficulty handling day-to-day tasks apparent 
in individuals suffering from AD.⁶ Though these proteins are 
salient in the brains of individuals with AD, the current blood 
testing methods of these proteins are neither standardized nor 
specific or sensitive enough to confirm AD.⁷ In fact, current 
diagnostic tests for AD-related proteins are unable to differ-
entiate AD from other types of dementia. Medical imaging 

methods, such as PET imaging, are not only able to quantify 
the accumulation of amyloid-beta and tau pathology in the 
brain but can also precisely capture the neural changes associ-
ated with AD.⁸ Novel developments in AD detection—MRI 
and PET neuroimaging of AD structural and functional mea-
sures—are the primary focus of this review.  

Importantly, neurophysiological changes in individuals who 
eventually get diagnosed begin years before clinical symptoms 
manifest, a state called incipient AD. These changes — struc-
tural and functional — within the central nervous system are 
detectable using Magnetic Resonance Imaging (MRI). This 
non-invasive in-vivo approach has continued to contribute to 
our current scientific field of knowledge on AD. Moreover, it 
increasingly provides scientists hope for the prospect of using 
MRI to aid in detecting this illness before onset and inhibiting 
the further development of this disease through the rendering 
of therapeutic disease-modifying drugs. In this research paper, 
we will review the current knowledge around Structural MRI 
(sMRI), Functional MRI (fMRI), and Positron Emission To-
mography (PET) correlates of AD while emphasizing current 
high-resolution MRI analytic techniques for detecting the 
presence of AD before an individual is clinically affected or 
pathologically diagnosed.

Structural MRI Neural Correlates of Alzheimer’s Disease:
Structural Magnetic Resonance Imaging (sMRI), which 

provides white matter/gray matter contrast, has become a 
well-validated assessment of the rate and amount of tissue 
damage in characteristically AD-susceptible brain regions 
such as the medial temporal lobe. The primary use of sMRI 
for the detection of atrophy in AD uses automated methods to 
trace the change in thickness of specific regions of interest—
for instance, the hippocampus or entorhinal cortex—over 
time. Among the primary regions of interest, it has become 
clear that hippocampal volume loss is a major correlate of AD, 
and damage to this area is a likely cause of AD symptoms, 
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given that the hippocampus is an early site of tau deposi-
tion and MRI-based atrophic volume changes. Specifically, 
damage typically lies along the perforant or polysynaptic hip-
pocampal pathway. However, it is important to note that the 
hippocampus receives its input from the entorhinal cortex, 
meaning that tau deposition typically develops first in the 
entorhinal region, and damage to the area leads to hippo-
campal dysfunction. As the hippocampus plays a major role 
in mediating memory formation and retrieval, memory loss 
often characterizes the first symptoms of AD and is thought 
to culminate from atrophy of the hippocampus and the near-
by entorhinal cortex.⁹ 
  Additionally, sMRI has been used to measure global brain 
atrophy and appraise increased ventricular volumes. Studies 
indicate that the topography of tissue loss aligns with advanc-
ing cognitive deficits seen in symptomatic AD individuals, 
both cross-sectionally and longitudinally.¹⁰ Using sMRI, 
scientists can assess the various pathological and neurobio-
logical dynamics that correspond to the structural changes in 
the brain across a range of stages in the progression of AD. 
In doing so, we will evaluate how well tissue volume loss de-
tected by sMRI serves as a neurodegenerative marker of AD 
and its progression. 

Regional atrophy in AD and MCI:
Brain atrophy in particular regions, particularly the medial 

temporal lobe, has been able to distinguish patients with AD 
from healthy individuals, and thus serves as an advantageous 
marker for the diagnosis of the disease. Whereas the rate of 
normal aging atrophy is only about 0.7% annually, the rate of 
disease-related atrophy is about 1.4-2.2%.¹⁰ This means that 
the amount and degree of atrophy are much higher in AD 
than atrophy in healthy aging persons. Moreover, this rate 
increases approximately 0.3% annually in the years leading 
up to AD or Dementia diagnosis and it also accelerates as 
the brain transitions from normal cognitive performance to 
cognitive impairment, i.e., when MCI progresses to AD. Brain 
atrophy is also visible in individuals years before developing 
AD and before any manifestation of clinical symptoms.¹¹ 
This longitudinal study found that subjects who would later 
become AD patients revealed a reduction in left hippocampus 
volumes in the baseline scan compared to controls. At the 
end of the study, subjects who developed AD exhibited 
a hippocampal volume loss of more than 8% annually. In 
comparison, the hippocampal volume of the individuals who 
remained healthy did not display substantial differences from 
the controls at any stage throughout the study, with a mere 
1% loss in hippocampal volume in the 3 years of the study. 
In corroboration, subjects who would later be diagnosed with 
AD showed a significant degradation in brain tissue volumes 
in several brain regions such as the medial temporal lobes, 
posterior cingulate/precuneus, and orbitofrontal cortex in 
the baseline scan.¹² There was also a reduction in gray matter 
(GM) density in the right medial temporal lobe and posterior 
cingulate in individuals who would later develop AD and 
in individuals who were destined to have Mild Cognitive 
Impairment (MCI) when compared to controls. MCI is also 
known as prodromal AD and represents a transitional, clinical 

phase between normal cognitive aging and AD (although not 
all MCI cases are subject to conversion to AD).¹³

There appears to be a hemispheric effect to these findings. 
Atrophy in the right hippocampus is greater and occurs ear-
lier than the atrophy of the left hippocampus.¹⁴ On the other 
hand, there is a pattern of a greater volume of the right hip-
pocampus than the volume of the left hippocampus in normal 
aging individuals, a trend that is flipped through the progres-
sion of AD. This dynamical asymmetry change leads to the 
notion that there is often more right hippocampal volume loss 
than left in AD patients. Overall, the consensus is that brain 
atrophy in specific regions associated with AD pathology is 
present up to 10 years before the occurrence of clinical symp-
toms.¹⁵ This suggests that hippocampal atrophy is identifiable 
and detectable in MRI scans in the early stages or years be-
fore symptomatic AD, although when these changes begin to 
occur is unclear. Perhaps these changes could be evaluated in 
correspondence with the first deposition of tau and β-amyloid 
protein, the two ingrained pathological occurrences of AD, to 
ascertain the timeline of brain atrophy.

Volume loss in other brain regions can also serve as a predic-
tive measure of subsequent cognitive decline in AD. 6-month 
atrophy rates in medial and lateral temporal regions such as 
the left and right middle temporal gyri and left and right en-
torhinal cortices in healthy elderly, who would later develop 
AD, were prognostic of 2-year memory deterioration.¹⁶ Carri-
ers of the APOE ε4 allele, a gene that possesses greater risk of 
late-onset AD to carriers, also have accelerated cortical thin-
ning in the medial frontal and pericentral cortices, the area’s 
most vulnerable and fragile to aging as well as regions associat-
ed with AD and amyloid aggregation preceding the diagnosis 
of AD.¹⁷ Not only so, but these carriers who later develop AD 
demonstrated substantially reduced entorhinal cortex thick-
ness in comparison with carriers who did not develop AD. 
Brain atrophy rates have also been shown to accelerate as an 
individual nears the diagnosis of AD, suggesting that brain 
tissue loss does not occur linearly. Regional and global-brain 
atrophy rates soared 3 to 5 years before being clinically affected 
with AD in a cohort of pre-symptomatic AD autosomal dom-
inant mutation carriers, who are prone to develop early-onset 
familial AD.¹⁸ All in all, tissue loss in the brain can foreshadow 
the diagnosis of hereditary AD as well as the cognitive impair-
ment it brings in individuals with the APOE ε4 gene.

Ventricular Enlargement in AD:
Ventricular enlargement is characteristic of all forms of gross 

neuronal damage and reflects the expansion of cerebrospinal 
fluid into regions formerly occupied by living neural tissue.¹⁹ 
Naturally, ventricular enlargement is an explicit indicator of 
the advancement of Mild Cognitive Impairment and AD. For 
instance, total ventricular volumes in individuals who have 
AD and individuals who have MCI have been examined over 
6 months, with a comparison to the total ventricle volumes 
of healthy subjects.²⁰ Though overlap existed in all groups in 
the follow-up, it was apparent that both AD and MCI sub-
jects had greater mean baseline ventricular volumes than that 
healthy subjects and this difference grew over time. Compared 
to healthy individuals, subjects with AD also have 
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a 4-fold greater enlargement over the same 6-month period. 
Ventricle size may also distinguish between AD and MCI; 
compared to subjects with MCI, Subjects with AD had a 60% 
greater ventricular enlargement over 6 months. Furthermore, it 
is interesting to note that lower baseline cognitive scores were 
associated with a higher baseline ventricular size and a higher 
rate of increased ventricle size over time. To illustrate the scale 
of these changes, the ventricles expand by about 16% annually 
in AD patients—a stark contrast with the annual expansion 
of 1.5 to 3.0% observed in healthy age-matched individuals.²¹ 
Given the relationship between ventricle size and general neu-
ronal damage, ventricle size may allow scientists to summarize 
the amount of neuronal damage in the brain and evaluate dis-
ease progression at regular intervals. Overall, it can be deduced 
that ventricular enlargement is an effective marker in the mon-
itoring of AD. However, because ventricular enlargement is 
also present in MCI, it is not strong enough to serve as the 
sole diagnostic criteria for the transition between MCI and 
AD but should rather be considered alongside other measures.

Distinguishing AD and MCI Using Structural Changes:
Brain volume and cognitive dynamics in Mild Cognitive 

Impairment and AD have been explored and evaluated in 
comparison both with each other and with normal the elderly 
population. It is demonstrated that atrophy in both MCI and 
AD have strikingly similar patterns, although AD atrophy is 
naturally more severe than in MCI.²² Though, differences be-
sides the degree of atrophy may help distinguish MCI from 
AD. For instance, subjects with MCI show particularly less at-
rophy in medial temporal regions. Unsurprisingly, the extent to 
which the general pattern of regional atrophy in AD atrophy is 
mirrored in a given MCI subject is predictive of cognitive de-
cline and progressive structural brain degradation.²³ In other 
words, MCI subjects whose brain tissue loss most resembles 
the typical regional AD atrophy pattern tend to undergo a 
considerably higher rate of decline and, indeed, conversion to 
AD. This suggests that quantitative measures of atrophy from 
structural MRIs are sensitive to AD neurodegeneration, and 
although atrophy itself is nonspecific to AD, the degree of at-
rophy may be a sensitive hallmark of AD histopathology and 
a predictor of cognitive decline severity once the diagnosis of 
AD is established by other means.

Both atrophies within the entorhinal cortex and hippocam-
pus have been used to detect the conversion from a healthy 
state to MCI and from MCI to AD.²⁴ When distinguishing 
between healthy individuals and MCI patients, volume anal-
ysis using voxel-based methods suggests that the entorhinal 
cortex can serve as a better marker to distinguish between 
healthy controls and MCI patients, given that it deteriorates 
earlier than the hippocampus does in MCI. In other words, 
when AD patients are not included in the analysis, entorhinal 
cortex structural change is the most feasible classification to 
discriminate between healthy aging individuals and MCI indi-
viduals.²⁵ On the other hand, volumetric measurements of the 
hippocampus seem to be the most viable method for discrim-
inating between AD patients from healthy controls and AD 
patients from MCI patients. This is in part due to its some-
what later deterioration and due to the inaccuracy introduced 

by the entorhinal cortex’s small size, especially when it has 
heavily atrophied in the later stages of AD progression.²⁶ Fur-
ther studies also corroborate these findings: one contends that 
the entorhinal cortex alone does not yield additional advan-
tages beyond hippocampal atrophy for classification between 
AD and MCI,²⁷ while another, which first used hippocampal 
volume and later incorporated the entorhinal cortex into its 
model, found no increased effectiveness of classification be-
tween AD and MCI.²⁸

Although global brain atrophy appears to be a robust bio-
marker to support the clinical diagnosis of AD, it is not a robust 
enough biomarker to diagnose AD at the MCI stage alone.²⁹ 
Instead, MCI patients are inclined to develop AD if they pos-
sess one of the following four biomarkers: a positive value in 
amyloid imaging, medial temporal atrophy, abnormality of ce-
rebrospinal fluid markers (tau, β-amyloid 42, or phospho-tau), 
and temporoparietal cortical hypometabolism. Out of all the 
structural biomarkers, the evaluation of the degree of medial 
temporal lobe atrophy on a high-resolution T1-weighted MRI 
image using quantitative methods has been the single most 
pervasively used and most accurate for the diagnosis of AD. 
Although this may be true, medial lobe atrophy, when com-
bined with other diagnostic markers such as abnormal CSF 
biomarkers, has resulted in even stronger predictive models.³⁰ 
In other words, this means that medial temporal lobe atrophy 
should be integrated with other AD pathological markers for 
diagnosis of AD during the MCI state, to produce optimal 
diagnostic and detection results.
�   Discussion
Structural imaging based on MRI is a pivotal tool for the 

detection, monitoring, and assessment of individuals with 
suspected AD before the onset of clinical symptoms. The at-
rophy of the medial temporal lobe—a marker sensitive to but 
not specific to AD–is a particularly interesting candidate for 
the early diagnosis of AD at the MCI stage and when the 
individual is still cognitively healthy, although the addition 
of other markers is likely producing even more reliable de-
tection. Strikingly, the atrophy of the hippocampus can be 
detected up to 10 years before one is pathologically diagnosed 
with AD, and in comparison, with healthy aging individuals, 
atrophy in AD patients is significantly greater and faster. The 
rate of hippocampal and whole-brain atrophy, although not 
linear and consistent, are sensitive and robust markers for the 
progression of neurodegeneration. Increasingly, it seems that 
they can and should be measured alongside neuropsychology 
exams and tests such as the Mini-Mental State Exam, which 
is used to assess cognitive functions and abilities among the 
elderly, to support an MCI and/or AD diagnosis. 

Ventricular enlargement is also a precise and suitable mea-
sure of neuropathological change associated with AD, as 
substantiated in multiple follow-up comparative studies. All 
in all, sMRI studies of these longitudinal changes of struc-
tural markers in AD susceptible patients offer relatively new 
diagnostic criteria for AD, potentially long before the tradi-
tional, pathological diagnosis. But despite the progress that 
has been made to understand the groundwork of AD neuro-
pathology, there is still much to learn about the exact timeline 
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and first appearance of these structural markers. It remains 
unclear when to diagnose AD using these markers given 
that all of the reported findings are probabilistic. Moreover, 
though sMRI reflects changes in the brain, it does not detect 
AD histopathological hallmarks. Thus, the pathological cause 
of structural changes cannot be identified. Additionally, given 
that similar patterns of atrophy could also be found in other 
diseases, hence the nonspecific nature of AD structural mea-
sures, information extracted from sMRI should be integrated 
with other technologies such as PET imaging modalities of 
amyloid and tau to produce definitive evidence of AD.

Functional Neural Correlates of Alzheimer’s Disease:
Positron emission tomography (PET) has long been used to 

assess the functional consequences of AD and is most useful in 
assessing the degree of metabolism remaining in the damaged 
brain of AD patients. Blood Oxygenation Level-Dependent 
(BOLD) fMRI (often used alongside PET) is another way to 
infer brain function, a more modern tool in the context of AD 
diagnosis. With the high spatial and reasonable temporal res-
olution it offers, BOLD fMRI may provide useful information 
about communication between discrete brain regions and, thus, 
the functional integrity of brain networks in support of cogni-
tive function and their corresponding changes in AD. In recent 
years, both BOLD fMRI and PET have offered advanced 
approaches in the identification of the functional neural cor-
relates of AD. Although BOLD fMRI and PET have been the 
most broadly used in the studying of AD, perfusion fMRI has 
also been used to track changes in cerebral blood flow in the 
AD brain which provides inferences about brain activity, sim-
ilar to BOLD fMRI. Ultimately, the goal of these techniques 
in the context of AD is to define the functional alterations that 
occur before and during AD and how they relate to neuro-
pathological changes.

Despite extensive investigation and examination, the under-
lying functional neural basis of AD remains mysterious. Here, 
this paper reviews the known functional correlates of AD, pri-
marily changes in brain metabolism, cerebral blood flow, and 
the connectivity of the default mode network as detected using 
perfusion MRI, BOLD fMRI, and PET. Additionally, the pa-
per corroborates these results to examine how these changes are 
associated with AD neuropathological biomarkers as measured 
using PET and how these biomarkers are exhibited across the 
clinical spectrum.

Default Mode Network Dysfunction:
In the past decade, the default mode network (DMN) has 

been defined as an intercorrelated network of brain regions that 
increase in activity and mutual connectivity when an individual 
is focused on his or her inner world.³¹ The DMN is made up 
of the medial frontal cortex, the posterior cingulate cortex, and 
the bilateral angular gyrus/inferior parietal lobe but can extend 
to secondary regions such as the medial temporal lobe struc-
tures including the hippocampus.³² Changes within the DMN 
have been commonly detected in AD patients and populations 
at risk for AD, which includes amnestic Mild Cognitive Im-
pairment (aMCI) patients and even asymptomatic APOE-ε4 
carriers.³³ Within the brain structures implicated in this net-

work, the inferior parietal lobes and the posterior cingulate 
cortex have appeared to be the most affected in AD.³⁴

For instance, AD patients demonstrate a general defi-
ciency of resting-state network activity within the DMN in 
comparison with the resting state networks of normal aging 
individuals.³⁵ Given that the AD participants as a whole had 
significantly lower hippocampal coactivity with the DMN, 
the study strongly suggested that the default mode network is 
closely involved in episodic memory processing. Additionally, 
to identify whether the default mode network of APOE ε4 car-
riers is altered, one study recruited individuals with subjective 
memory complaints and compared those susceptible to AD 
due to an APOE ε4 allele to those without that risk factor.³⁶ 
Indeed, the presence of APOE ε4 correlates with default mode 
network changes, most present in frontal and posterior areas 
and the right hippocampus. All in all, this suggests that DMN 
disruption is robustly associated with AD with implications 
for hippocampal dysfunction, and may, in part, mediate the 
link between AD and APOE ε4 carriers. However, future work 
should address the specific symptomatic correlates of the de-
fault mode network in AD and AD-susceptible individuals.³⁷

Moreover, work has been conducted to better understand 
the link between network dysfunction and the cellular damage 
observed in AD. One study found that tau tends to distrib-
ute within the components of the neural networks ostensibly 
impacted by AD, such as in the default mode network.³⁸ It 
concluded that the aggregation of tau pathology in the brains 
of individuals with mild-to-moderate AD may disrupt sever-
al independent pathways and is closely associated with global 
cognitive dysfunction. Moreover, one also reports that as the 
Aβ burden increases regions outside of the DMN become less 
coactivated with DMN structures, namely the ventral medi-
al PFC, right angular gyrus, and the left frontal gyri.³⁹ This 
demonstrates that the accumulation of tau and amyloid-beta 
protein, the two most prominent pathological hallmarks of 
AD, are likely involved in changes in local DMN function and 
its impact throughout the brain. 

Despite the insight provided by recent investigations, the 
exact origin of default mode network changes in AD remains 
far from fully understood. Moreover, the current relationship 
between the AD structural changes and network changes is 
not well defined. While one study found that greater atrophy 
in AD generally is related to less brain interconnectivity,⁴⁰ 
another reported that the degree of functional connectivi-
ty changes is not associated with the severity of gray matter 
atrophy in the post-cingulate cortex, a central region of the 
DMN.⁴¹ Thus, while structural changes must result in the 
functional alterations observed in AD, the precise mechanisms 
of this relationship are far from fully characterized amid early 
and contradictory findings.

AD Hypoperfusion:
In AD, perfusion or cerebral blood flow and volume have 

been measured with several different imaging modalities, in-
cluding fMRI. Global and regional hypoperfusion, a reduction 
in the amount of the blood flow to the brain, which is evident 
in more than 60% of all AD patients, is an integral component 
in the understanding of the pathophysiology of this illness. 
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Not only is it apparent throughout disease progression, but 
disrupted perfusion is also present during MCI as well as in 
cognitively healthy individuals with the APOE ε4 allele at high 
risk for developing familial AD.⁴² This phenomenon is associ-
ated with both structural and functional changes in the brain 
and may potentially serve as a biomarker for the identification 
of AD in its preclinical phase.

According to one study, individuals with AD demonstrate 
a dramatic global decrease (~40%) in blood flow compared to 
healthy controls.⁴³ In particular, the parietal lobe demonstrates 
decreased regional cerebral blood flow (CBF) in AD.⁴⁴ One 
study also unveiled particularly reduced CBF in the precune-
us and the posterior cingulate in individuals with AD when 
compared with healthy individuals.⁴⁵ Other structures associ-
ated with decreased CBF include the temporo-occipital and 
parietal-occipital cortices, hippocampus, parahippocampus, bi-
lateral inferior regions, and areas in the prefrontal cortex, such 
as the bilateral superior and middle frontal gyri.⁴⁶ Moreover, 
in regions with gray matter loss or atrophy such as the right 
inferior parietal lobe and posterior cingulate, individuals with 
AD have persistently shown diminished CBF.⁴⁷

The pattern of altered perfusion in AD and MCI patients 
has also been compared and contrasted using pulsed arteri-
al spin labeling (PASL), a specialized technique designed to 
evaluate brain perfusion. In comparison to healthy subjects, 
investigations of perfusion in MCI individuals have demon-
strated a decrease in CBF in the posterior circulate extending 
to the medial precuneus and right inferior lobe.⁴⁸ One study 
compared AD and MCI individuals with healthy controls 
and found decreased CBF in both the AD and MCI group.⁴⁹ 
However, the AD individuals as a whole demonstrated great-
er hypoperfusion than the MCI group, particularly in regions 
such as the bilateral precuneus and the PCC. The consistent 
observation of PCC changes is interesting given its significant 
role in the DMN while consistently decreased perfusion within 
the precuneus may be relevant to the symptoms of AD, given 
the purported role of this region in memory as well cognitive 
functioning more broadly.  Although extensive research has 
authenticated hypoperfusion to be a robust hallmark of AD, 
it is still unclear how this disruption of blood flow contributes 
to clinical manifestation across the disease spectrum. Its direct 
co-occurrence with other neuropathological mechanisms of 
AD such as amyloid deposits has rendered it difficult to deter-
mine its specific causal impact on AD.

AD hypometabolism:
One of the predominant functional hallmarks of AD is glu-

cose hypometabolism, detected using PET. Particularly, there 
is abnormally low posterior and whole-brain metabolism in 
patients with severe AD, and there is a gradual decline in these 
levels over time. The progressive reduction in glucose levels 
has also been found to align with cognitive performance, cor-
roborating that glucose level decline in the brain is a reliable 
and validated marker of the AD stage and status.⁵⁰ As with 
the other correlates mentioned in this review, the reduction of 
cerebral glucose metabolism often occurs before clinical symp-
toms manifest and continues as symptoms progress. It is also 

more severe in populations at risk for AD and populations with 
AD. 

 For instance, one study found that individuals with APOE 
ε4 allele who would later develop AD had a substantial re-
duction in the rate of glucose metabolism, in comparison with 
the controls, in the posterior cingulate, parietal, temporal, and 
prefrontal regions, sites of early deposition of neuropathologi-
cal lesions.⁵¹ Similarly, another found that cognitively healthy 
carriers of the APOE ɛ4 allele have an unconventionally low 
cerebral metabolic rate for glucose in the same regions where 
hypometabolism is most notable in AD patients.⁵²

One presumed explanation for reductions in glucose levels 
in AD patients is neuronal loss or brain atrophy, which is a 
chief hallmark of the disease. However, a marked decrease in 
glucose metabolism, which provides the fuel for brain physi-
ological functions and activity, was found in presymptomatic 
incipient AD individuals in the absence of structural brain at-
rophy, suggesting brain tissue damage or cell loss is not the 
only contributor to these low glucose levels. Because regional 
decreased glucose metabolism appears to not be a result of cell 
atrophy, researchers have been investigating other neuropatho-
logical causes. For instance, one study examined the effects of 
amyloid precursor protein (APP) on hypometabolism before 
death.⁵³ It detected that heme deficiency on APP could cata-
lyze heme metabolism in AD. Additionally, another outlined 
that disturbances in the insulin-lipid-glucose axis may lead to 
hypometabolism.⁵⁴ It proposed that the downstream effects 
that transpire as a result of hypometabolism may in part be 
due to reduced production of acetyl-coenzyme A (CoA) and 
ATP, both of which are involved in biochemical reactions in 
lipid, protein, and carbohydrate metabolism and are crucial for 
synaptic plasticity and activity. Although these endeavors have 
brought the constituents of the etiology of AD glucose hy-
pometabolism into light, the precise mechanism that accounts 
for this neural correlate is still widely unknown.
�   Discussion
BOLD fMRI, perfusion fMRI, and PET have identi-

fied several consistent functional neural underpinnings of 
AD. Foremost, the default mode network activity has been 
consistently found to be disrupted and impeded in AD in-
dividuals and individuals at high risk for AD, in comparison 
with cognitively healthy individuals. Even more so, its altered 
interactions with the hippocampus appear particularly rele-
vant in episodic memory processing, explaining the memory 
dysfunction often seen in AD patients. Pathological features 
of AD have also been examined and measured about their 
impacts on the default mode network. Specifically, the ag-
gregation of proteins such as tau and amyloid-beta has been 
shown to also hinder the default mode network pathway 
while the APOE ε4 allele is associated with DMN disruption 
in non-AD subjects. These findings secure DMN disruption 
as a primary correlate of AD, a candidate for early diagnosis, 
and a potentially crucial mechanistic underpinning of AD 
symptoms.

Perfusion fMRI has illuminated the role of cerebral blood 
flow in AD. Disrupted perfusion is not only evident through-
out disease manifestation, but it is also demonstrated during 
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the preclinical phase of AD (i.e., MCI) as well as in cogni-
tively healthy persons at high risk for developing AD due to 
family history or genetic factors. Although evidence is limited 
and the relationship between perfusion and the symptoms of 
AD remains unclear, changes in perfusion have the potential 
to act as a diagnostic marker of this illness. 

Additionally, increasing evidence from PET denotes deple-
tion of brain glucose metabolism as an early and progressive 
incident in AD. This reduction in metabolic rate is observed 
particularly within the areas of tau and amyloid-beta deposi-
tion, in both symptomatic AD patients and presymptomatic 
individuals with the APOE ε4 gene. More so, this decrease in 
glucose levels is in parallel with progressive, gradual cognitive 
decline, offering hypometabolism as yet another potent marker 
in the tracking of this disease. In summation, these cardinal 
neural correlates constitute the primary functional changes 
that are present in the brain in prodromal AD and throughout 
its stages of progression.
�   Conclusion
Although neuroimaging has provided many novel cor-

relates of AD, it remains unclear how the neuropathological, 
structural, and functional correlates of this neurologic disor-
der relate to one another. 

Foremost, despite the well-known occurrence of brain atro-
phy and the presence of abnormal protein build-up in AD, the 
exact contribution of proteins clumping to tissue volume loss 
over time has not been thoroughly examined. Perhaps pro-
tein footprintings, a technique of biochemical analysis that 
maps protein structure, could serve to integrate tissue volume 
loss with protein aggregation in the brain.⁵⁵ Furthermore, de-
tecting the specific proteins that give rise to atrophy through 
blood tests could also potentially help contribute to an even 
more reliable diagnosis of this disease. Predictive models built 
on these combined measures would sit at the crossroad be-
tween structural changes and the cellular-level changes that 
underlie them, perhaps aiding in early diagnosis and treat-
ment options.

Secondly, a well-defined correspondence between how 
structural alterations of AD—e.g., ventricular enlargement 
and brain atrophy—account for network deficiency and 
connectivity impediment is still lacking. Uncovering the asso-
ciation between the AD structural and functional correlates is 
critical as this could provide an explanation for why changes in 
network activity are present in AD. One potential method is 
a relatively novel approach called "parallel group ICA+ICA", 
which links functional networks with structural variation by 
assimilating fMRI information with information from other 
modalities such as sMRI.⁵⁶ This methodology could outline 
the relationship between these two aspects of AD; this is of 
crucial importance as connecting them could yield unprece-
dented insight into the pathogenesis of this illness.

Together, structural changes and functional changes should 
be integrated with the manifestation of clinical symptoms, 
and the severity of such symptoms. This is paramount in the 
tracking and determination of an affected individual’s disease 
stage. By doing so, scientists can more reliably account for 
neurophysiology symptoms or behavioral changes in corre-

spondence evidence of structural or functional occurrences in 
sMRI and fMRI. For example, by bridging the gap between 
neural changes and clinical symptoms, scientists could answer 
the questions: “how is the severity of memory impairment di-
rectly attributed  to the degree of hippocampal atrophy” or 
“How does low default mode network activity exhibit as a 
symptom in AD individuals?” One feasible approach could 
be voxel-based symptom mapping, which has been used to 
investigate certain brain regions where the occurrence of 
exteroceptive and proprioceptive somatosensory deficits in 
strokes is prevalent as well as examine large-scale changes 
in resting-state thalamocortical functional connectivity in 
parallel with mental impairments in Schizophrenia.⁵⁷,⁵⁸ Vox-
el-based lesion-symptom mapping could be conducted in 
similar manners in AD patients to bridge the gap between 
neural changes and the symptoms associated with AD.

As the field progresses, novel answers to current limitations 
could provide for more optimal diagnosis, examination, and 
comprehension of this devastating neurodegenerative disease.
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