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Abstract
Alzheimer’s disease (AD) is a heterogeneous progressive neurocognitive disorder. Although different neuroimaging modal-
ities have been used for the identification of early diagnostic and prognostic factors of AD, there is no consolidated view of
the findings from the literature. Here, we aim to provide a comprehensive account of different neural correlates of cognitive
dysfunction via magnetic resonance imaging (MRI), diffusion tensor imaging (DTI), functional MRI (fMRI) (resting-state
and task-related), positron emission tomography (PET) and magnetic resonance spectroscopy (MRS) modalities across the
cognitive groups i.e., normal cognition, mild cognitive impairment (MCI), and AD. A total of 46 meta-analyses met the
inclusion criteria, including relevance to MCI, and/or AD along with neuroimaging modality used with quantitative and/or
functional data. Volumetric MRI identified early anatomical changes involving transentorhinal cortex, Brodmann area 28,
followed by the hippocampus, which differentiated early AD from healthy subjects. A consistent pattern of disruption
in the bilateral precuneus along with the medial temporal lobe and limbic system was observed in fMRI, while DTI
substantiated the observed atrophic alterations in the corpus callosum among MCI and AD cases. Default mode network
hypoconnectivity in bilateral precuneus (PCu)/posterior cingulate cortices (PCC) and hypometabolism/hypoperfusion in
inferior parietal lobules and left PCC/PCu was evident. Molecular imaging revealed variable metabolite concentrations in
PCC. In conclusion, the use of different neuroimaging modalities together may lead to identification of an early diagnostic
and/or prognostic biomarker for AD.
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Introduction

Alzheimer’s disease (AD) is a dynamic disorder. Sporadic
or late-onset AD accounts for 60–70% of 50 million indi-
viduals with dementia globally with an incidence rate of
around 10 million cases in the year 2018 alone [1, 2]. The
pathophysiological mechanisms of AD occur much earlier
than the clinical phenotypic manifestation. Identifying dis-
ease symptoms or predictors at its early stage is of signifi-
cant interest in AD research.

In typical AD, the progression of clinical symptoms
follows a sequential order, namely episodic memory loss,
semantic memory loss, aphasic, apraxic, and visuospa-
tial symptoms and finally, motor and visual deficits that
correspond to the topographic progression of neuronal
degeneration (hippocampus [HIP] and medial temporal
lobe [MTL], posterior cingulate cortex [PCC]! lateral
temporal cortex! frontal, temporal, and parietal neocor-
tex! sensorimotor and occipital cortex) [3]. Since AD
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Table 1 Approaches for identification of Neuroimaging biomarker for AD risk

Modality Principle Use Clinical utility in AD

MRI (T1
weighted)

Technique that involves a magnetic field and radio
waves to create detailed images of the tissues using
signals from 1H (proton) nuclei in water and fat over
thousands of voxels

Structural visualization of
gray matter, white matter and
cerebrospinal fluid

Gray matter atrophy beginning in the
medial temporal lobe and progressing to
the temporal neocortex, parietal cortex
and frontal cortex

rs-fMRI Used to study the brain’s functional organization
based on the BOLD signal fluctuation

Measures spontaneous fluc-
tuations in the blood oxygen
level-dependent (BOLD)
signal

Decreased functional hippocampal con-
nectivity to the prefrontal cortex and
cingulate cortex

DTI MRI-based neuroimaging technique that relies on
signals from water protons and enables in vivo
quantification of differences in molecular diffusion
at the cellular level

Used to visualize the lo-
cation, orientation, and
anisotropy of the brain’s
white matter tracts

Anatomical distribution of white matter
microstructural damage in the early
stages of AD

PET Nuclear medicine functional imaging technique that
uses radiation and radiotracer

Measure regional brain glu-
cose metabolism; amyloid
deposition in the brain

Regional brain glucose hypo-
metabolism; Amyloid detection in AD
brain

MRS Uses spectra in a small number of voxels reflecting
small metabolite molecules differentiated by their
chemical shifts (δ)

Detects the chemical compo-
sition of the scanned tissue

Regional metabolite concentration in
AD brain

MRI magnetic resonance imaging, rs-fMRI resting stage functional magnetic resonance imaging, DTI diffusion tensor imaging, BOLD blood
oxygenation level dependent, PET positron emission tomography, MRS magnetic resonance spectroscopy, AD Alzheimer’s disease

probably develops many years before clinical phenotypic
symptoms manifest [4] and cognitive deficits are evident
before the appearance of a full-blown dementia syndrome,
mild cognitive impairment (MCI), a preclinical transitional
state between normal cognition and AD phenotype, has
drawn much attention in the recent past [5, 6].

Neuroimaging has evolved from an investigation for ex-
cluding the secondary causes of dementia to a modality
required for establishing the diagnosis in the preclinical
stage and tracking disease progression. Magnetic resonance
imaging (MRI) techniques, mainly voxel-based morphom-
etry (VBM), have provided an efficient and noninvasive
way to quantify volumetric brain atrophy caused by gross
neuronal loss. At the same time, the integrity of white mat-
ter (WM) fiber tracts within axonal projections can be as-
sessed in vivo using diffusion tensor imaging (DTI) [7].
The use of VBM and region of interest (ROI) identifies
structural MRI alterations while DTI is sensitive to WM
microstructure change, such as degeneration of myelin and
axons. The integrity of WM is best assessed with fractional
anisotropy (FA), which mirrors fiber density, axonal diam-
eter and myelination [8]. In vivo neuroimaging in humans
provides a richer understanding of the pathophysiology of
AD. A wide range of neuroimaging modalities are now
available to perform multimodality analyses assessing in-
terrelationships between different pathophysiological pro-
cesses.

Several studies have demonstrated that baseline MRI
scans can precisely detect patterns of cerebral atrophy in
AD [3, 9–12]. Compared to conventional functional MRI
(fMRI) studies, resting-state fMRI (rs-fMRI) is a task-free
technique that can be easily used in cognitively impaired

individuals. The disruptive structural connectivity, the in-
terneuronal connections forming networks between brain
regions, may exacerbate the effect of molecular pathol-
ogy on cognitive functions in AD [13]. Previous DTI and
rs-fMRI studies have identified consistent structurally and
functionally connected brain networks in the human brain
[14, 15].

The emerging positron emission tomography (PET)
imaging strategies have integrated the advantages of PET
and MR to diagnose and monitor AD. Fluorodeoxyglu-
cose-positron emission tomography (FDG-PET) and amy-
loid PET (11C-Pittsburgh compound B and 18F-labelled
amyloid tracers) are the most commonly available modal-
ities for AD detection [16, 17]. The combination of PET
with other imaging modalities can improve the diagnostic
accuracy of dementia. Other than CT, MRI and PET, pro-
ton magnetic resonance spectroscopy (1H-MRS) monitors
metabolic changes associated with AD in the brain. It is
a noninvasive and inexpensive neuroimaging modality that
does not require use of radiotracers [18].

Although different neuroimaging modalities have been
used to identify early diagnostic and prognostic factors,
there is no consolidated view of the findings. It is believed
that a single neuroimaging biomarker cannot predict early
AD risk and the conversion of MCI subjects into AD due
to the complex and multifactorial nature of AD. Different
neuroimaging studies have identified the association of dif-
ferent brain regions with AD. Several meta-analysis studies
covering various aspects of the cognitive spectrum in ag-
ing and diseases have been published. Here, we provide
a comprehensive review of 46 quantitative meta-analysis
studies involving different neuroimaging modalities evalu-
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Neuroimaging correlates in Alzheimer’s disease

Fig. 1 Flow diagram represent-
ing the selection of studies for
systematic review. RCTs ran-
domized controlled trials, AD
Alzheimer’s disease

ating the neural correlates in AD and/or MCI. Different neu-
roimaging modalities for the identification of neuroimaging
biomarkers for AD risk are shown in Table 1.

Methods

Medline/PubMed was searched to retrieve articles up to 31
December 2019 with the following search string: (“meta-
analysis”[title]) AND (“Alzheimer’s disease” OR “mild
cognitive impairment” OR “MCI”) AND (“imaging” OR
“MRI” OR “structural MRI” OR “DTI” OR “Diffusion-
weighted imaging” OR “Diffusion tensor imaging” OR
“fMRI” OR “functional MRI” OR “MRS” OR “CT” OR
“PET” OR “SPECT”). Cross-references of previously pub-
lished review articles and included articles were hand
searched to find any additional relevant studies. The arti-
cles written only in the English language were included in
the study.

The meta-analysis studies were selected based on the
following inclusion criteria: quantitative data from any neu-
roimaging modality namely MRI, DTI, fMRI, PET, MRS
reporting coordinates in Montreal Neurological Institute
(MNI) or Talairach space, studies having patients with AD
and/or MCI and meta-analysis studies with total included
studies more than four. Both observational and longitudi-

nal studies with quantitative and/or functional data were
considered. After excluding all non-English articles, titles/
abstract screening was done by two authors independently
(PT and MC). Articles not excluded by any investigator
were studied in detail, and a final decision was taken after
consensus with a third investigator (SK). The flow diagram
representing the selection of studies for meta-analysis is
provided in Fig. 1.

Results

Study Search, Characteristics and Findings

The literature search yielded 116 references, out of which
110 potentially relevant citations were reviewed after re-
moving 2 erratum/author corrections, 1 non-human article,
3 randomized clinical trials (RCTs). After screening all the
titles and abstracts, 90 articles were selected for full-text
review. Out of the 90 articles 41 meta-analysis studies met
the inclusion criteria, including relevance to mild cognitive
impairment and/or AD along with neuroimaging modality
used with quantitative data analysis. Of the records 5 were
included from the cross-references making 46 articles eli-
gible for final inclusion in our meta-analysis.
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The study characteristics from all 46 studies are provided
in Table S1. Among the 46 selected meta-analysis articles,
23 studies included patients with AD (PwAD), 15 had pa-
tients with MCI (PwMCI), 9 included data associated with
progression to AD and included 8 studies with mixed phe-
notype.. The number of datasets with different neuroimag-
ing modalities involving PwAD was MRI 13, DTI 2, fMRI
5, PET 3, MRS 1 and MRI 5, DTI 1, fMRI 8, PET 2, MRS
1 for PwMCI from included studies. The most common
method used for quantification was the anatomical likeli-
hood estimation (ALE). A detailed comparison of results
from 46 meta-analysis studies with different neuroimaging
methods under review is provided in Supplementary file 1.

Discussion

With the burgeoning advances of neuroimaging techniques
in recent years, there is an exponential increase in research
and literature on AD which emphasizes the need to iden-
tify, assess and amalgamate the findings from several meta-
analysis studies to be maximally informed with minimal
bias. The summary of the significant inferences from dif-
ferent neuroimaging modalities associated with MCI, AD,
and MCI to AD progression is provided in Table 2.

Neural Correlates fromMRI in MCI and AD

The whole-brain VBM is a computational approach that
can measure group differences in the density or volume of
the brain and local concentrations in brain tissue through
a voxel-wise comparison of multiple MRI images [19]. Al-
though several manual, semi-automatic, and fully automatic
computational approaches are available for assessing volu-
metric brain measurements [20], knowledge of the patho-
physiology is vital to evaluate the imaging features. De-
position of amyloid beta (Aβ) and neurofibrillary tangles
(NFTs) set off a cascade of a neurodegenerative process
reflected neuroanatomically as volume loss and atrophy.
Neuropathological studies have staged the AD according to
the occurrence of NFTs and neuropil threads into transen-
torhinal stages I–II (affecting transentorhinal cortex) fol-
lowed by limbic stages III–IV (involving entorhinal region/
hippocampal formation proper) and then isocortical stages
V–VI, which subsequently affects all isocortical association
areas. Transentorhinal and limbic stages were associated
with MCI, while stage IV onwards is associated with AD
implying spread beyond the MTL. Limbic structures that
are relatively spared in normal aging are the key regions
affected early in the course of AD [21].

Atrophy of the MTL has been the primary focus of vol-
umetric analysis by MRI in AD [22]. We observed that the
previous studies focused not only on identifying and ana-

lyzing grey matter (GM) and WM regional volume loss in
MTL but also on identifying auxiliary areas affected beyond
the MTL in MCI and AD and areas affected during disease
progression. The summarized grey matter and white matter
changes in MCI and AD are depicted in Fig. 2.

Several meta-analytical studies have confirmed cortical
thinning and volume loss of bilateral MTL (HIP, parahip-
pocampal gyrus [PHG], amygdale, uncus, entorhinal cortex
[EC]), precuneus, and PCC as the imaging signatures for
AD [23–25]. In addition to bilateral MTL, GM atrophy of
MTL, thalamus, and cingulate cortex was observed in MCI
while AD had an extensive GM deficit involving both cor-
tical and subcortical regions (parietal, frontal and insular
cortices and including bilateral caudate nuclei). Such affec-
tion of the neocortices suggests additional neural networks
beyond memory networks on AD as compared to MCI [25,
26]. Although insular subregional atrophy was found to be
non-specific to one neurodegenerative disease, left ante-
rior insular cortex atrophy was greater in frontotemporal
dementia (FTD) whereas larger clusters of atrophy were
observed in the right anterior dorsal insular cortex in AD
and Parkinson’s disease (PD)/dementia with Lewy bodies
(DLB). Furthermore, right dorsal atrophy was found to be
associated with perception and cognitive deficits, and left
anterior insular cortex atrophy with speech, emotion, and
affective cognitive deficits [27]. It has been suggested that
in AD, besides atrophy, additional imaging markers such as
abnormally low parietal glucose utilization and perfusion
should be considered for better diagnosis and subtype char-
acterization mainly in dissociating AD and frontotemporal
lobar degeneration (FTLD) [28].

Although reduction of the bilateral HIP volume is not
specific to AD and is exhibited by other brain disorders,
atrophy in the left anterior HIP and bilateral PCC is found
to be specific to AD as superior frontal gyrus (SFG) and
ventromedial frontal cortex is found to be atrophied in late
life depression (LD). This explains the differential involve-
ment of visual spatial implicit memory and topographical
memory in AD and executive deficits in LD [23]. Simi-
larly, global HIP atrophy is observed in AD with the pos-
terior portion being more atrophic while in semantic de-
mentia (SD), atrophy was limited to the anterior portion.
This explanation supports the differential involvement of
neural networks of anterior and posterior HIP and suggests
that atrophy of posterior HIP and posterior medial brain
regions are associated with episodic memory deficits ob-
served in AD [29]. The significance of HIP atrophy in AD
as a possible early neuroanatomical biomarker has been
studied extensively by volumetric approaches [29] and HIP
deterioration was seen in early AD while affection of MTL
and anterior cingulate gyrus was observed in AD of longer
duration/later stages of AD [24].Wang et al. reported signif-
icant GM volume reductions in the limbic regions (left PHG
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Table 2 Summary of major findings from different neuroimaging modalities associated with MCI, AD and MCI to AD progression

MCI AD MCI to AD progression

MRI
GM Transentorhinal and HIP region [21] Memory impairment is a more accurate

predictor of early AD than atrophy of
MTL [94]

Transentorhinal and HIP region [21]

Atrophy in the bilateral MTL involving
bilateral HIP and amygdala, the left
PHG and the left uncus [26]

Left HIP atrophy [33] Left MTL (including PHC, amygdala
and HIP) [25]

Right lateralized atrophy of HIP [33] Early stage HIP deterioration, Late
stage MTL and the anterior cingulate
gyrus [24]

Left MTL atrophy especially anterior
HIP and PHG of left hemisphere [40]

Atrophy of genu and rostrum of corpus
callosum (CC) [38]

Left anterior HIP and bilateral PCC
[95]

APOE ε4 was associated with atrophic
HIP volume [96]

2.2-fold higher volume loss in the HIP,
estimated mean HIP atrophy rates were
2.53%/year for MCI, 1.12%/year for
controls, and 1.35%/year for MCI after
removing the effect attributable to
normal aging; only APOE ε4 (not age
and gender) was a significant
moderator of atrophy rate [32]

Posterior HIP and precuneus [29] The entorhinal cortex atrophy measure
on MRI is comparable in prediction
value to amyloid PET [41]

Annualized HIP atrophy rate of 4.6%
[31]

HIP, amygdala, and entorhinal cortex
volume reduction [34]

Atrophy of splenium along with genu
and rostrum of CC [38]

Frontomedian-thalamic network in-
volvement [21]

Atrophy in Crus I/II and lobule VI of
cerebellum [36]

GMV atrophy in limbic regions (left
PHG and left posterior cingulate gyrus)
and decreases in right fusiform gyrus
and right superior frontal gyrus [30]

Within the AD coatrophy network,
coaltered areas including the left HIP,
bilateral amygdala, right PHG, and
right temporal inferior gyrus were
identified as pathoconnectivity hubs
[23]

WM – WM reductions in bilateral inferior
temporal gyrus, splenium of CC, right
PHG and HIP along with left caudate
nucleus, left superior corona radiata,
and right inferior temporal gyrus [8]

–

DTI Reduced FA in fornix and UF with
increased MD in genu and splenium of
CC, UF and PHC along with significant
FA decrease in the posterior corona
radiate [46]

Increased MD of HIP was more sensi-
tive indicator of poor verbal and mem-
ory performance than HIP volume [35]

WM integrity precede the atrophic
changes [35]

Decreased FA in left posterior limb of
internal capsule, left anterior corona
radiata, left thalamus, and left caudate
nucleus along with left caudate nu-
cleus, left superior corona radiata, and
right inferior temporal gyrus [34]

Reduced FA fornix and UF with in-
creased MD in genu and splenium of
CC, UF and PHC [46]

and left posterior cingulate gyrus) in PwAD [30]. Barnes
et al. studied the HIP volume atrophy rates and reported the
annualized HIP atrophy rate of 4.6% in PwAD compared to
1.4% in HC [31]. Tabatabaei-Jafari et al. showed a 2.2-fold
higher volume loss in the hippocampus in MCI participants
than matched healthy people of the same age and was as-
sociated with risk factors including APOE ε4 genotype and
female gender [32]. Interestingly, two other studies noted

right lateralized atrophy of HIP in MCI against AD, which
displayed left-sided biased HIP GM loss [25, 33].

It has also been demonstrated that the HIP GM atrophy
is followed by WM atrophy in areas involved in the mem-
ory network, such as the HIP, amygdala, and EC [34]. The
succession of WM atrophy likely occurs through demyeli-
nation as these areas have efferent connections mainly from
HIP and amygdala [34]. Furthermore, the role of microvas-
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Table 2 (Continued)

MCI AD MCI to AD progression

fMRI
rs-fMRI Reduced resting-state activity in the

PCC, right angular gyrus, right PHG
and left fusiform gyrus. Hypoactiva-
tion in the PCC is independent of the
GM volume alterations and specific to
aMCI compared to svMCI [59]

MTL activity deficits across encoding
and retrieval paradigms and greater
activity in DL-PFC and VL-PFC during
encoding and retrieval tasks (possibly
compensatory) [60]

–

Decreased ALFFs in the bilateral
precuneus/PCC, bilateral frontoinsu-
lar cortices, left occipitotemporal cor-
tex, and right supramarginal gyrus and
increased ALFFs in the right lingual
gyrus, left middle occipital gyrus, left
HIP, and left inferior temporal gyrus
[53]

DMN hypoconnectivity in the DMN
(precuneus [PCu] and posterior
cingulate cortex [PCC]), salience
network hyperconnectivity (anterior
insula), and hypoconnectivity in the
visual cortex [58]

Decreased resting-state activity than
HC in the left STG, right posterior
cingulate/precuneus, uncus and hyper-
activation in the inferior parietal lobule,
superior parietal lobule [26]

DMN hyperconnectivity in the DMN
(PCu and PCC) and LIM (HIP and EC)
[58]

DMN hypoconnectivity in bilateral
precuneus/PCC and MTL than HC [57]

Task-based-
fMRI

Decreased activation was mainly de-
tected in frontoparietal and default
mode networks [55]

Hypoactivation voxels in visual net-
work [55]

–

Increased activation in right HIP
(mainly CA 2–4 subregions) during
encoding tasks, decreased activation
in the left HIP (at first predominantly
cornu Ammonis (CA1), later also SUB
and PHG) and fusiform gyrus during
retrieval tasks, as well as attenuated
activation in the right anterior insula/
inferior frontal gyrus during verbal
retrieval [61]

Hyperactivation within the precuneus
during encoding tasks was accompa-
nied by attenuated right hippocampal
activation during retrieval tasks. De-
creased MTL activation in severe AD
is accompanied by stronger activation
during memory encoding tasks in the
precuneus [61]

Hypoactivation in the left inferior pari-
etal lobule, right posterior cingulate,
the bilateral precuneus and hyperacti-
vation in the left middle frontal gyrus,
superior parietal lobule, insula, STG
and right inferior frontal gyrus [26]

Bilateral angular and the MTL, or su-
perior frontal gyri demonstrated as the
primary target for DMN modulation by
brain stimulation [63]

PET
FDG-PET Hypometabolism/hypoperfusion in

inferior parietal lobules and precuneus
[21]

Abnormally low parietal glucose
utilization [28]

Better than structural MRI and SPECT
[21]

Hypometabolism/hypoperfusion in
inferior parietal lobules and precuneus
[21]

Amyloid-
PET

– Amyloid positivity decreases with age
in PwAD (greatest in APOE4 non-
carriers) and increase with age in other
dementia subtypes [72]

Positive PiB increases risks by
3.7 times with mean follow-up dura-
tion ranging from 1–3.8 years [74]

APOE ε4 was associated with increased
cerebral amyloid deposition and cere-
bral hypometabolism [96]

Hypometabolism in the left PCC/
precuneus [67]
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Table 2 (Continued)

MCI AD MCI to AD progression

TSPO Increased TSPO levels, mainly within
the neocortex [75]

Increased TSPO levels throughout the
brain especially within frontotemporal
regions compared to controls [75]

–

MRS Raised myoinositol (mI) concentration
and choline/creatine ratio (Cho/Cr)
along with reduced NAA level and
NAA/mI ratio in the PC. Reduced
NAA, creatine and choline with raised
mI/Cr ratio in HIP with reduction in
NAA and creatine in PWM [77]

Reduced NAA in PCC, bilateral hip-
pocampus and decreased NAA/Cr (cre-
atine) ratio markedly in the PC with
elevated myoinositol (mI)/Cr ratio in
PC and parietal gray matter [81]

–

MCI mild cognitive impairment, aMCI amnestic MCI, AD Alzheimer’s disease, PwAD patients with AD, GM grey matter, WM white matter,
MTL medial temporal lobe, HIP hippocampus, PCC posterior cingulate cortices, PHC parahippocampal cingulum, PHG parahippocampal gyrus,
FA fractional anisotropy, MD mean diffusivity, UF uncinate fasciculus, svMCI subcortical vascular MCI, ALFFs amplitude of low-frequency
fluctuations, DL-PFC dorsolateral prefrontal cortex, VL-PFC ventrolateral prefrontal cortex, FDG-PET fluorodeoxyglucose-positron emission
tomography, PiB 11C-Pittsburgh Compound B, DMN default mode network, MRI Magnetic resonance imaging, SPECT single-photon emission
computed tomography, NAA N-acetyl aspartate, PWM paratrigonal white matter, LIM limbic networks, TSPO translocator protein, APOE
apolipoprotein E, SUB subiculum, PCu precuneus, STG superior temporal gyrus, CC corpus callosum

cular alteration and neuro-inflammatory processes, damage
to myelin, abnormal lipid metabolism, and genetic influ-
ences have also been implicated in the WM damage [34].

Although memory impairment alone has been shown to
predict early AD more accurately than atrophy of MTL on
MRI, MTL atrophy in volumetric studies differentiated AD
from HC and MCI from HC. For AD, an effect size of me-
dial temporal lobe atrophy (MTA) score, HIP, EC, and PHG
was large and significant than DTI [35]. In AD, consistent
unique patterns of GM atrophy that were highly specific to
underlying neuropathology were observed in the cerebel-
lum. Atrophy was reported in crus I/II and lobule 6 of the
cerebellum that shares connections with HIP and prefrontal
regions and also participates in the executive control net-
work (ECN), default mode network (DMN) and salience
network (SN); however, this could be attributed to atrophic
areas of the cerebral cortex which later affect the cerebellum
as the association of cognitive impairment with cerebellar
atrophy are inconsistent [36].

In AD, GM alterations follow a specific distribution pat-
tern called coatrophy network based on the functional over-
lap at the molecular level among different brain regions. The
core subnetwork in AD includes left HIP, left and right
amygdala, right PHG, and right inferior temporal gyrus
[23]. Additionally, VBM studies have identified consistent
WM damage in cortico-cortical and cortico-subcortical con-
nections contributing to cognitive impairment in AD pa-
tients [34]. In an interesting study, Wang et al. suggested
that the extent of cognitive deficits in MCI and AD was
directly related to the atrophy of the corpus callosum (CC).
Being a major commissural pathway and the most extensive
WM fiber bundle, it plays vital role in integrating percep-
tion and action. The splenium mediates loco-global facil-
itation from redundant targets [37]. Atrophy of genu and
rostrum of CC was observed in PwMCI, while PwAD had

additional atrophy of splenium. Furthermore, the degree of
atrophy corresponded to the severity in mild and moderate
AD [38]. It appears that in severe AD, the atrophy of the CC
might reflect the cortical atrophy, which can be explained
based on the Wallerian degeneration hypothesis [39].

Several studies identified potential markers for predicting
conversion from MCI to AD and thereby, disease progres-
sion. One study concluded that left MTL atrophy especially
anterior HIP and PHG of the left hemisphere, was an impor-
tant and consistent neuroanatomical marker [40] while other
suggested that EC is a more sensitive volumetric discrimi-
nator [35]. Seo et al. revealed that the MRI-based volumet-
ric EC atrophy is comparable to amyloid PET in predicting
conversion to AD [41]. Wang et al. on the other hand, em-
phasized the importance of mid-sagittal area changes in CC
to indicate disease progression [38].

Neural Correlates from DTI in MCI and AD

In neuroimaging, DTI has been used to examine the sub-
voxel, microstructural properties and organization of WM
by assessing the movement of randomly diffusing water
molecules. In particular, measures of fractional anisotropy
(FA) can be used to estimate the anisotropy (i.e. degree of
directional coherence) of the underlying tissue structures in
any given voxel, reflecting the strength of neuronal projec-
tions, while mean diffusivity (MD) or apparent diffusion
coefficient (ADC) can be used to estimate relative tissue
compactness and degree of myelination. Other DTI mea-
sures include the axial (diffusion rate along the main axis),
and radial (rate of diffusion in the transverse direction) dif-
fusivity. Diffusion in WM is less restricted along the axon
and tends to be anisotropic, whereas in GM it is usually
less anisotropic and, in the cerebrospinal fluid biomarker
(CSF), is unrestricted in all directions (isotropic). Axonal
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Fig. 2 Schematic representation of inferences from the various meta-analytical studies. Grey matter and white matter changes in MCI and AD.
A Coronal section through the hippocampus at the level of the anterior pons showing medial temporal atrophy in MCI and AD. b Mid sagittal
section showing grey matter atrophy of thalamus (pink) and cingulate cortex (green) in MCI besides MTL and grey matter atrophy in AD involving
parietal (orange), frontal (yellow) and insular cortices besides thalamus, cingulate cortex and MTL. c Medial aspect of cerebral hemisphere in
sagittal section showing grey matter volume loss in limbic regions involving hippocampus (purple) in MCI/early AD and affecting hippocampus
(purple), parahippocampus (pink) and posterior cingulate cortex (green) in AD. d Coronal section in a plane through the hippocampus at the level
of the anterior pons showing right lateralized atrophy of hippocampus in MCI and left lateralized atrophy of hippocampus in AD. e Unfolded view
of the cerebellar cortex showing fissures and lobules from I to X depicting atrophy of lobule 1-4 and lobule 6 in vermis and paravermian region
in MCI ; while in AD there is atrophy of lobule 1-4 and lobule 6 in vermis and paravermian region with extension to hemispheric involvement
of lobule 6 and crux 1 of cerebellum. f Mid sagittal section showing white matter changes in corpus callosum with atrophy of genu and rostrum
in MCI and atrophy of genu, rostrum and splenium in AD. g Axial section of brain at level of basal ganglia and midventricular levels showing
areas of decreased FA in DTI studies involving left posterior limb of internal capsule (green), left thalamus (yellow), left caudate nucleus (orange),
left anterior corona radiata (red) and bilateral posterior corona radiata (purple) in AD. h White matter tracts affected in MCI and AD: h1 Sagittal
section showing uncinate fasciculus (green) and fornix (purple) in MCI h2 Sagittal sections showing uncinate fasciculus (green), fornix (purple),
superior longitudinal fasciculus (yellow), inferior longitudinal fasciculus (brown), inferior fronto-occipital fasciculus (red) in AD.

degeneration, demyelination, cytoskeletal disorganization,
packing density, and other microstructural features can af-
fect the DTI measurements [42–44]. The summarized GM
and WM changes in MCI and AD are depicted in Fig. 2.

A study combining VBM and DTI found a reduction
in WM density in anterior CC, including genu and ros-
trum in PwMCI with no difference in FA, radial diffusivity
(DR), and axial diffusivity (DA). In contrast, volume reduc-
tion in both anterior and posterior CC along with decreased
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FA and DR in anterior CC, and increased DA in posterior
CC regions were found in AD [38]. Abnormalities in DTI
showed topographical differences. MCI-associated WM ab-
normality was reported in the left posterior cingulate, PHG,
thalamus, caudate and bilateral precuneus by Gu and Zhang
[26]. Sexton et al. observed that PwMCI had reduced FA
in all WM regions except parietal and occipital areas and
increased mean diffusivity (MD) in all except frontal and
occipital regions. In contrast, PwAD had reduced FA in
all regions except internal capsule and parietal WM with
increased MD in all regions [45]. Furthermore, in MCI,
FA and MD changes had larger effect size (ES) in parahip-
pocampal cingulum (PHC) and HIP, respectively. Similarly,
in AD, FA had larger ES in the total cingulum and PHC,
splenium of CC, and uncinate fasciculus, while MD had
larger ES in the HIP, parietal lobe, splenium of CC, and
temporal lobe [35].

Additionally, another multimodal study of VBM and DTI
in AD observed WM reductions in bilateral inferior tempo-
ral gyrus, splenium of CC, right PHG and HIP. WM volume
reduction in bilateral PHG was associated with a higher
mini-mental state examination (MMSE) score while affec-
tion of right HIP and splenium of CC was observed with
a lower score [8]. In contrast to the meta-analysis by Sex-
ton et al. in which the internal capsule was not found to be
affected by FA changes, this study showed decreased FA
values in the left posterior limb of internal capsule (PLIC),
which contains pyramidal tract that connects cerebral cor-
tex to the brainstem and spinal cord, left anterior corona
radiata associated with motor and cognitive functions, left
thalamus and left caudate nucleus in PwAD. Furthermore,
significant WMV and FA reduction was identified in the left
caudate nucleus, left corona radiata and right inferior tem-
poral gyrus (traversed by uncinate fasciculus and fornix)
[8]. Uncinate fasciculus, with its connections to the frontal
lobe, insula, and rostral part of the temporal lobe, fornix,
which is connected to other limbic structures via Papez cir-
cuit along with HIP and PHG, form essential components of
a memory circuit [8, 34]. The damage to uncinate fasciculus
and fornix seen in AD thus manifests clinically as memory
impairment. Superior longitudinal fasciculus (SLF) arising
from the prefrontal lobe, connecting frontal, parietal and
occipital lobes and ending at temporal lobe was another
noteworthy but less significant structure that showed a re-
duction in both WMV and FA values in AD [8]. In addition
to CC, DWI and DTI studies have found damage to inferior
fronto-occipital fasciculus and inferior longitudinal fasci-
culus, which functionally contribute to comprehension of
meaningful speech and auditory perceptions, respectively
[34]. Consistent WM alterations were seen as reduced FA
in fornix and UF with increased MD in genu and splenium
of CC, UF, and PHC. The MD changes, which displayed
more considerable differences and less heterogeneity, were

more dependable than FA. Alteration of the fornix, UF,
and PHC served as a sensitive marker for reliably depict-
ing amnestic MCI (aMCI) and tracking disease progression.
Whole-brain ALE meta-analysis revealed a reduction in FA
in bilateral posterior corona radiata, thus implicating its
role in memory impairment. Both ROI-based and whole-
brain-based research were found to be complementary to
each other to obtain a complete picture of associated WM
microstructural alterations [46].

Comparative evaluation of MTL volumetry and DTI re-
vealed that volumetric measurements are more effective
than DTI measurements; however, in PwMCI, increased
MD of the HIP was a more sensitive indicator than HIP vol-
ume. Increased MD in the left HIP region was the strongest
predictor of poor verbal and memory performance, while
the HIP volume explained low variability in memory func-
tion. DTI measurements showed more overlap in MCI and
AD as against MTL volumetry which could be explained
by the fact that alterations in WM integrity precede the
atrophic changes [35].

Neural Correlates from fMRI inMCI and AD

Both MCI and AD are characterized by widespread neu-
ronal degeneration, and loss of connectivity among brain
regions affecting neural pathways and disrupting the func-
tional coherence of brain activities. The MCI and AD show
abnormal regional brain activation as well as large-scale
neuronal network dysfunctions. Multiple large-scale dys-
functional neuronal networks may be responsible for AD-
associated cognitive impairment [47]. Functional MRI has
been used to examine the alterations in functional connec-
tivity of brain regions in AD and MCI. The structural atro-
phy correlates with the specific cognitive functions in MCI
and AD, based on fMRI findings, are depicted in Fig. 3.

In a large study involving 1000 healthy controls (HC)
and rs-fMRI, Yeo et al. identified seven cortical neuronal
networks: the visual, somatomotor, dorsal attention, ven-
tral attention, limbic, frontoparietal, and DMN [48]. The
DMN is a network that involves the medial prefrontal cortex
(PFC), PCC, precuneus, anterior cingulate cortex, parietal
cortex, and the MTL, including the HIP [49, 50]. Further-
more, the authors parcellated the cerebellum and striatum
into these seven networks based on the functional connec-
tivity findings [51, 52].

In aMCI, atypical regional spontaneous brain activity,
predominantly involving the default mode, salience (which
consists of the anterior insula, dorsal anterior cingulate cor-
tex), and visual cortical networks (middle occipital gyrus,
lingual gyrus, inferior temporal gyrus, and calcarine cor-
tex) has been reported [53, 54]. The decreased activation
was mainly detected in frontoparietal and default networks
in MCI, whereas AD patients showed more hypoactiva-
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Fig. 3 Schematic representation of inferences from the various meta-analytical studies. The figure shows the structural atrophy correlates with
the specific cognitive functions in a MCI and b AD. The disease begins in the medial temporal lobe mainly the entorhinal cortex, hippocampus
consistent with symptoms of memory impairment. Coronal sections depict the structural atrophy correlates of antegrade memory deficit, verbal
retrieval and facial emotional processing deficit while sagittal sections show the progression of degeneration to the lateral temporal and parietal
lobe, accompanying language and visuospatial dysfunction and the basal forebrain degeneration that occurs with abnormal behavior manifestation

tion voxels in the visual network. Similarly, frontoparietal,
ventral attention, somatomotor, and default networks were
involved in the compensatory process in both MCI and AD
[55]. Although DMN functional connectivity is inconsis-
tent, reduced PCC connectivity in MCI could prove to be
a potential biomarker of risk for developing AD [56].

A meta-analysis by Wang et al. presented a consistent
pattern of DMN disruption in PwaMCI, specifically in-
volving reduced functional connectivity in the bilateral
precuneus/PCC and MTL. Furthermore, DMN functional
connectivity in the bilateral medial prefrontal cortices (in-
cluding the ACC), bilateral angular gyri extending to the
middle temporal gyri, and right temporal pole extending
to the middle temporal gyrus (MTG) positively correlated
with the severity of global cognitive impairment (MMSE

scores), likely reflecting a compensatory mechanism for
maintaining cognitive efficiency [57].

Consistent alterations in connectivity were found in the
DMN, SN, and limbic networks in PwAD, MCI, or in
both groups. With the anterior insula as a key hub, the SN
plays a pivotal role in network switching between the DMN
and frontoparietal network (FPN), two networks exhibiting
competitive interactions during cognitive information pro-
cessing. Association of heightened SN connectivity with
reduced DMN connectivity in AD suggests that progres-
sive DMN impairment may be deleterious to SN function
[58].

The MCI-associated resting state hypoactivation has
been observed in the left superior temporal gyrus (STG),
right posterior cingulate/precuneus, uncus while increased
activation in the inferior parietal lobule, superior parietal
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lobule compared to HC [26]. Furthermore, in aMCI, apart
from MTG, reduced resting state activity was also ob-
served in the PCC, right angular gyrus, right PHG and left
fusiform gyrus. Reduced resting state activity in the PCC
has been demonstrated as being unique to aMCI patients
compared to other subtypes such as subcortical vascular
MCI (svMCI). Interestingly, the hypoactivation in the PCC
was found to be independent of the GM volume alterations;
however, hyperactivation in the left MTG and left supra-
marginal gyrus appears to be a compensatory response or
indicates other pathological changes, such as excitotoxicity
that triggers neuronal apoptosis [59].

Task-related fMRI meta-analysis indicated that MCI is
associated with reduced activity in the left inferior parietal
lobule, right posterior cingulate, and bilateral precuneus
whereas hyperactivation in the left middle frontal gyrus,
superior parietal lobule, insula, STG, and right inferior
frontal gyrus [26]. The MTL activity deficits across encod-
ing and retrieval paradigms are consistent in PwAD when
compared to HC; however, mildly affected patients show
consistently preserved right hemisphere MTL activity dur-
ing encoding. Furthermore, patients showed consistently
greater activity in the dorsolateral prefrontal cortex (DL-
PFC) and ventrolateral prefrontal cortex (VL-PFC) during
encoding and retrieval tasks when compared to HC. In con-
trast, HC showed greater rostrolateral PFC (RL-PFC) in-
volvement during both processes. It is suggested that the
pattern of differential prefrontal involvement reflects com-
pensatory changes occurring in AD [60].

Disease stage-dependent brain activation pattern related
to the pathognomonic AD characteristic of episodic mem-
ory loss exists. Early memory encoding task-related right
HIP hyperactivation (mainly CA2-4 subregions) in PwMCI
and within the precuneus in PwAD is followed by retrieval
task-related decreased activation in the left HIP (especially
in the CA1, subiculum and PHG) and fusiform gyrus in
PwMCI and right HIP in PwAD [61].

In the meta-analysis by Terry et al. hyperactivation was
reported in MTL, frontal, and occipitotemporal lobes in
healthy older adults, but lesser and no MTL activation was
found in AD and MCI along with the absence of cortical
involvement as compared to HC [62]. Interestingly, the bi-
lateral angular and the middle temporal cortex, or superior
frontal gyri, have been demonstrated as the primary target
for DMN modulation using non-invasive brain stimulation
in AD [63].

Neural Correlates from PET inMCI and AD

Molecular imaging with PET has emerged as a neuroimag-
ing modality with significant potential for early diagnosis,
assessing disease progression, subtype characterization, and
management of AD andMCI [64, 65]. Using PET radiotrac-

ers can provide important clinical information, e.g. (18F)
FDG as a biomarker of neuronal degeneration or Aβ/tau
PET as a biomarker of AD neuropathology [66].

Specifically, the inferior parietal lobules (IPL) and pre-
cuneus were found to be functionally involved in early AD.
The findings suggest that hypometabolism/hypoperfusion in
the IPL most reliably predicts the progression from aMCI
to AD [21]. Regional hypometabolism in the left PCC/
precuneus at baseline was able to accurately differentiate
between aMCI converters from non-converters [67]. In-
terestingly, FDG-PET has been shown to perform slightly
better than structural MRI and single-photon emission com-
puted tomography (SPECT) in predicting conversion to AD
in PwMCI [68].

The Pittsburgh compound B (PiB) PET scan show ag-
gregated fibrillar amyloid accumulation in vivo. Currently,
there are three FDA-approved 18F Aβ PET radiotracers
used in clinical practice for diagnosis of AD: florbetaben
(Neuraceq™, Piramal Imaging, Boston, MA, USA), flor-
betapir (Amyvid™, Eli Lilly, Indianapolis, IN, USA), and
flutemetamol (18F) (Vizamyl™, GE Healthcare, Medi-
Physics, Inc., Arlington Heights, IL, USA) [69]. Although
a meta-analysis by Morris et al. assessing the diagnostic
accuracy of the three Aβ radiotracers revealed no marked
differences, Yeo et al. demonstrated a higher sensitivity,
similar/comparable specificity, and a higher OR for flor-
betapir as compared to florbetaben in differentiating AD
patients from HC [70, 71].

The prevalence of amyloid positivity on PET has been
shown to vary with age and APOE status among AD and
other dementias. It decreased with age in PwAD (most
significant in APOE4 non-carriers) and increased with age
in other non-AD dementia subtypes. Furthermore, negative
amyloid positivity was seen in 12% of clinically diagnosed
PwAD and was most common in older APOE4 non-carriers
[72]. Although higher age-specific amyloid positivity rates
have been reported with the highest in >80years (65%) to
37% in 70–79 years of age group and 18% in 60–69 years
age range [73], Chen et al. reported that positive PiB in-
creases risks for conversion to AD by 3.7 times with mean
follow-up duration ranging from 1 to 3.8 years. Baseline
positive PiB was also shown to predict conversion from
MCI to AD [74]. Compared with 18F-FDG PET and struc-
tural MRI, 11C-PiB-PET achieved higher sensitivity but rel-
atively lower specificity in the early diagnosis of AD from
MCI with short-term follow-up; however, increase in fol-
low-up duration resulted in higher accuracy of 11C-PiB-PET
for predicting progression to AD among PwMCI [74].

In an interesting meta-analysis, increased neuroinflam-
mation was found to be associated with the progression of
MCI and AD, relative to HCs. The authors found increased
translocator protein (TSPO) levels in PwAD and PwMCI,
mainly in frontotemporal regions and neocortex compared
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to HC, respectively [75]. Their findings provide support to
the dual hit inflammatory hypothesis in MCI/AD develop-
ment and progression. The role of inflammation as an initial
event in the MCI/AD pathogenesis has been gaining sup-
port and has also been proposed by the systemic immune
dyshomeostasis model hypothesis [76].

Neural Correlates fromMRS inMCI and AD

Using MRS monitors changes in brain metabolites occur-
ring in early degeneration and is therefore implicated as
a biochemical neuroimaging marker in AD. In aMCI, PC,
HIP, and paratrigonal white matter (PWM) were brain areas
of interest for MRS changes. Raised myoinositol (mI) con-
centration and choline/creatine ratio (Cho/Cr), along with
reduced N-acetyl aspartate (NAA) level and NAA/mI ratio,
was observed in the PC. HIP showed reduced NAA, crea-
tine, and choline with raised mI/Cr ratio consistently, while
PWM showed a reduction in NAA and creatine. NAA was
found to be the most reliable marker of brain dysfunction
in MCI [77].

Another study confirmed that in AD, absolute NAA con-
centration was reduced in PC and HIP. The role of NAA
in neuroenergetics is assumed because it is produced in the
mitochondria and a regional decrease indicates diminished
neuronal density, neuronal cell loss or partially reversible
neuronal dysfunction [78, 79]. In addition, NAA/Cr ratio
is reduced in PC, parietal WM, parietal GM and temporal
lobe. In comparison, a prior study observed that mI/Cr ra-
tio was much higher in PwAD and mI changes preceding
NAA changes [80]. Wang et al. observed an increase in
the absolute concentration of mI in PC with an increased
mI/Cr ratio in parietal GM. They concluded that NAA/Cr
was a reliable parameter to differentiate AD from HC, and
changes in NAA supplement the diagnostic accuracy [81].
The findings from MRS are summarized in Table S2.

Limitations

Both clinical and experimental heterogeneity were observed
in the selection of included studies from 46 meta-analy-
sis studies. For instance, in several meta-analysis studies,
different diagnostic criteria were used by included stud-
ies probably as there are different guidelines for the di-
agnosis of AD and some have been updated in the past
few years. Most of the included studies have used one of
the following internationally recognized diagnostic criteria
for: MCI: (1) Petersen criteria (1999, 2001, 2004, 2005,
2011) [82–86], (2) Winblad (2004) [6], (3) National Insti-
tute on Aging—Alzheimer’s Association Workgroup MCI
due to AD criteria (NIA-AA) [87], (4) ADNI early and
late MCI criteria [88] and AD (1) NINCDS-ADRDA [89],

(2) DSM-IIIR Diagnostic and Statistical Manual of Mental
Disorders (DSM) third edition or DSM-IV [90], (4) Inter-
national Classification of Diseases (ICD)-10 [91], (5) clin-
ical dementia rating [92], (6) National Institute on Aging
(NIA)—Reagan Institute [93]. The diagnoses in majority
of the papers were made clinically without using CSF or
amyloid PET biomarker information.

During the study selection for the present systematic re-
view, no distinction between possible and probable AD and
MCI subtypes including the severity stages was made. All
meta-analyses articles have included studies using different
MRI magnetic field strengths (range: 0.5–4T), which could
have attributed to heterogeneity. These additional charac-
teristics of included studies in the systematic review are
provided in Table S3. We did not exclude meta-analysis
studies based on the quality but rather examined various
aspects of the studies in order to summarize their relation-
ship to the findings.

Conclusion

The advanced multimodality anatomic and molecular imag-
ing approaches have shown substantial utility in the early
diagnosis of AD and assessing the progression of MCI to
AD. Specialized computerized software has aided in au-
tomatic volumetric analysis and quantitative assessment of
specific brain regions associated with the disease specific
anatomic, functional, and pathological features. Anatom-
ically, hippocampal atrophy has emerged as a potential
MCI/AD biomarker. Although the findings on the even-
tual use of resting state or task-based fMRI as an imaging
biomarker are promising, no index of default mode network
connectivity qualifies as a valuable biomarker of MCI or
risk for AD. The presence of risk factors such as HIP, MTL
and EC atrophy, APOEε4, altered WM integrity, increased
amyloid deposition and reduced cerebral metabolism had
the strongest positive association for MCI to AD progres-
sion. The identified brain regions involved in pathological
and compensatory mechanisms need to be confirmed in fu-
ture studies. Furthermore, future quantitative studies should
consider uniform study design with analytical pipelines for
reproducibility of results and to conduct robust meta-anal-
yses. Investigating the underlying AD pathology through
the combination of multimodal imaging and extensive neu-
rocognitive assessment may help in early diagnosis, dif-
ferential diagnosis, planning management strategies, and
facilitating personalized medicine.
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