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Special Article

Abstract
Neuroimaging serves a variety of purposes in Alzheimer’s 
disease (AD) and related dementias (ADRD) research - from 
measuring microscale neural activity at the subcellular level, 
to broad topological patterns seen across macroscale-brain 
networks, and everything in between. In vivo imaging provides 
insight into the brain’s structure, function, and molecular 
architecture across numerous scales of resolution; allowing 
examination of the morphological, functional, and pathological 
changes that occurs in patients across different AD stages (1). 
AD is a complex and potentially heterogenous disease, with no 
proven cure and no single risk factor to isolate and measure, 
whilst known risk factors do not fully account for the risk of 
developing this disease (2). 
Since the 1990’s, technological advancements in neuroimaging 
have allowed us to visualise the wide organisational structure 
of the brain (3) and later developments led to capturing 
information of brain ‘functionality’, as well as the visualisation 
and measurement of the aggregation and accumulation of 
AD-related pathology. Thus, in vivo brain imaging has and 
will continue to be an instrumental tool in clinical research, 
mainly in the pre-clinical disease stages, aimed at elucidating 
the biological complex processes and interactions underpinning 
the onset and progression of cognitive decline and dementia. 
The growing societal burden of AD/ADRD means that there 
has never been a greater need, nor a better time, to use such 
powerful and sensitive tools to aid our understanding of 
this undoubtedly complex disease. It is by consolidating and 
reflecting on these imaging advancements and developing 
long-term strategies across different disciplines, that we can 
move closer to our goal of dementia prevention. This short 
commentary will outline recent developments in neuroimaging 
in the field of AD and dementia by first describing the historical 
context of AD classification and the introduction of AD imaging 
biomarkers, followed by some examples of significant recent 
developments in neuroimaging methods and technologies.  

Key words: Alzheimer’s disease, dementia, imaging, biomarkers.

Introduction

In 1984, the National Institute of Neurological 
and Communicative Disorders and Stroke 
(NINCDS) and the Alzheimer ’s Disease and 

Related Disorders Association (ADRDA) developed the 
first set of criteria in the attempts to describe cases of 
“probable AD” (4). Defined, at the time, as the presence 
of an acquired amnestic disorder in which at least two 
cognitive domains (including memory) were measured 
to be impaired, and this impairment negatively impacted 
the individual’s day-to-day life (4). In 2011, the term 
“preclinical AD” was introduced as an early stage, 
along the AD continuum, that acknowledges increased 
risk among older adults who display no overt clinical 
symptoms (5-6). The preclinical AD stage is a long phase 
prior to the onset of measurable mild cognitive decline 
that warrants a diagnosis of mild cognitive impairment 
(MCI) due to AD (5). This presents a “long window of 
opportunity” for targeted secondary prevention measures 
and interventions (7). 

In 2018, the National Institute of Aging / Alzheimer’s 
Association (NIA/AA) expert group proposed the 
Research Framework biological definition of AD, for 
research purposes only, based on the in vivo AT[N] triad 
biomarkers, reflecting the disease pathology of abnormal 
burden of amyloid (A), tau (T) and neurodegeneration 
(N) (8). Individuals were classified using a dichotomous 
construct of positive (+) and negative (-) to symbolise 
above and below threshold values of these biomarkers 
(8). This binary classification has subsequently met with 
criticism pertaining to clinical and practical limitations 
(9). Asymptomatic (thus cognitively healthy) older adults 
but still demonstrating biomarkers above a pre-defined 
threshold – would, under the Research Framework 
criteria, be categorised as falling along the disease 
continuum. A concern that was echoed by a recent set 
of recommendations from the International Working 
Group (IWG) stating that defining a disease state is not 
conceivable in the absence of clinical manifestations and 
that AD-related biomarkers fall along a continuous scale 
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and, as such, a binary classification “does not reflect the 
reality of amyloid-β and tau pathology” (10). Our stance 
on the biological classification of AD to consider carefully 
the “grey” peri-threshold areas can help to disentangle 
the complexity of interactions of various risk factors (9). 

Non-imaging risk-based assessments measuring 
various facets of lifestyle (11), genetics (12), and more 
recently novel blood-based approaches (13) are methods 
that have proven utility in measuring older adults’ 
increased risk of developing AD during early, preclinical, 
disease stages. On-the-other-hand neuroimaging methods 
are costly and, as yet, not widely available. Nevertheless, 
the benefits in bringing neuroimaging into the clinical 
trial space provides invaluable insight into the brains 
of live human subjects of older adults, across the AD 
continuum.

The next sections will describe recent developments 
both in commonly applied neuroimaging modalities, 
as well as areas that have only until recently been 
introduced and, still, evaluated. This commentary by 
no means provides an exhaustive review of all the 
available methods to explore the brain’s structure and 
function in vivo, but an attempt to provide an update 
on recent developments and an induction to support 
the understanding of the many contributions that 
neuroimaging can offer in AD/ADRD research.

Magnetic Resonance Imaging (MRI)

Structural MRI (sMRI) is a non-invasive imaging 
modality that can visualise brain anatomy and measure 
volumetric and other structural pathologies across white 
and grey matter, by utilising specialised MR sequences. 
Evidence of loss of volume and neurodegeneration [N] is 
one of the triad hallmarks of AD of the NIA/AA Research 
Framework and sMRI was acknowledged as a key [N] 
biomarker tool (14), and those who are suspected to have 
dementia often receive an MRI scan to ascertain possible 
signs of neurodegeneration and the extent to which it 
may be present, as well to exclude unrelated  pathologies.

Measuring differences in cortical thickness is one of the 
several metrices of neurodegeneration based on sMRI. 
Recent research has highlighted the asymmetric nature 
of cortical thinning, commonly seen in AD patients (15). 
Yet, the asymmetrical distribution of cortical thickness 
is often overlooked in AD research – despite it being an 
“important feature of normal brain aging that is both 
shared by and accelerated in neurodegenerative AD” (15). 
Patients with AD were found to exhibit steeper reductions 
in cortical thickness within the left hemisphere, compared 
to the right, when measured against healthy controls 
(HC). Suggesting the patterns of neurodegeneration are 
not symmetrical – particularly in some ‘at risk’ areas, 
including the frontal and temporal brain regions. These 
regions are particularly vulnerable to asymmetrical loss 
in healthy aging but can exhibit further (accelerated) 
changes in AD patients (15). 

Vo lumetr i c  measures ,  ca l cu la ted  f rom 3D 
T1-weighted images, have been shown to identify 
several “brain atrophy subtypes” that can be used to 
assess neurodegeneration and for AD categorisation 
(16). MRI scans at baseline have been used to define 
and differentiate between older adults with (a) “limbic 
predominant atrophy”, (b) “hippocampal sparing 
atrophy”, (c) “typical/diffuse atrophy” and (d) “no 
evidence of brain atrophy”. Those with “typical/diffuse 
atrophy” and “limbic predominant atrophy” were at 
increased risk of developing subsequent dementia. These 
four brain atrophy subtypes were found to be more 
informative (or sensitive in predicting future dementia 
incidence) than less specific cortical volume measures – in 
which sub-categorisation of atrophy patterns could be a 
potential new biomarker for future studies (16). 

The assessment of structural features using MRI also 
presents valuable opportunities for disease categorisation. 
For example, cognitive and MRI measures (alongside 
machine learning [ML] approaches [– covered in more 
detail below]), were used to aid the classification of 
participants with MCI, into AD subcategories (stable 
[sMCI] and converters to AD [cAD]) (17). The researchers 
successfully differentiated between sub-groups with 
the inclusion of MRI features, whereby additions to the 
models allowed for the measurement of changes in the 
entorhinal cortex and hippocampal volume. This “mixed-
effects derived features” approach in combining cognitive 
test results and structural MRI was successfully used to 
measure the long-term trajectories of change within the 
brain and for the effective prediction and classification 
of multiple sub-groups. Therefore, the inclusion of 
imaging biomarkers (in this case MRI) is potentially 
complimentary with psychometric testing and allows for 
(a) the detection of early changes in memory function and 
(b) provided valuable insight into the role of entorhinal 
cortex as a potential future biomarker in AD imaging 
studies.

Unlike sMRI, functional MRI (fMRI) measures brain 
activity. Task-based fMRI paradigms involve exposing 
participants to stimuli or asking them to engage in 
cognitive tasks and measuring the elicited neural 
responses. Alternatively, ‘task-free’ paradigms collect 
resting-state fMRI data with the participant simply lying 
in the MRI scanner without such engagement with stimuli 
or tasks. For both task and task-free paradigms, blood 
oxygen level dependent response (BOLD) contrasts are 
used to measure the changes in blood oxygenation and 
serving as a proxy for neural activity. 

Resting state fMRI has recently been used to investigate 
potential “compensatory mechanisms” among patients 
with “MCI due to AD” and HC (18). Using connectivity 
metrics such as degree centrality – i.e., the extent to 
which a node (e.g., a brain region) is connected to all 
other nodes within a network, the researchers found 
evidence of “compensatory” regions of interest (ROI). 
These included the right superior parietal gyrus, the 
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right- and the left precentral gyri, and the right middle 
frontal gyrus. In these ROI, an increased degree centrality 
was observed, suggesting “more robust connectivity, 
despite regional atrophy”. Increased degree centrality 
among some ROI was associated with increased cognitive 
performance, despite localised aggregation of amyloid 
and neurodegeneration. These findings suggest that 
neural atrophy and brain functional decline are not 
necessarily co-dependent as previously thought, and that 
resting state functional connectivity measures may be 
useful for studies on neural compensation (18).

Both task-based and task-free fMRI data can measure 
functional connectivity (assessing for similarities in 
BOLD signal fluctuations between brain voxels or ROI), 
and recent research has attempted to use functional 
connectivity approaches to predict AD-related pathology 
(19). The authors adopted connectome-based predictive 
modelling (CPM) to predict CSF p-tau/Aβ42 (termed the 
“PATH-fc” model), derived from measures of functional 
connectivity in those with MCI and AD at a macro-
scale spatial resolution. Whilst successfully predicting 
pathology, this approach also predicted rates of cognitive 
decline and captured alterations in well-cited resting state 
networks (e.g., the default mode network, among others). 
Thus, a whole-brain model, derived from measures of 
alterations in functional connectivity, can successfully 
help predict two major outcomes of risk factors of AD 
(pathology and cognitive decline).

Increasingly the field is becoming aware of the 
significant contributions that vascular-related risk factors 
have on AD/ADRD development (20). fMRI data can 
be utilised to investigate changes in vascularity and is 
emerging as a potential new biomarker to measure AD 
risk. 4D flow MRI can quantify blood velocities across 
the whole brain, and to measure changes in cardiac 
pulse pressure and speed (21). This is particularly useful 
for measuring arterial stiffness and overall “vascular 
compliance” (21). Arterial spin labelling-MRI (ASL-
MRI) uses the hydrogen atoms present in water as a 
proxy for blood flow (21). Advanced imaging protocols 
used in mouse models e.g., multi-time echo ASL-MRI, 
can identify microscopic changes in blood-brain barrier 
permeability using a dynamic contrast-enhanced MRI 
when comparing age-related water permeability changes 
(22).

Vascular markers can be visualised using a 
multitude of imaging modalities. Lacunes, white matter 
hyperintensities (WMH), and microbleeds are visible 
using T2*-weighted imaging, susceptibility weighted 
images, and fluid-attenuated inversion recovery (FLAIR; 
(23)). FLAIR can measure evidence of cerebrovascular 
pathology and image processing techniques in this 
domain has continued to evolve. Recently, when testing 
the diagnostic accuracy of multiple image segmentation 
algorithms, estimating WMH when excluding more 
diffuse, smaller “lower-intensity” volumes led to a higher 
correlation between WMH and eventual AD clinical 
diagnosis and reduced cognitive performance, in the 

presence of abnormal amyloid burden (24). 
Furthermore, improvements in imaging protocols 

e.g., fast BOLD scans to estimate variability in 
cardiorespiratory frequencies among AD patients (25). 
These fast-imaging sequences allow for the detection of 
frequency oscillations attributed to cardiac, respiratory, 
and other physiological based sources. As an example, 
variances in frequency oscillations were observed in AD 
patients (25). The authors hypothesised that these may 
be driven by cerebral hypoperfusion, alongside evidence 
of small vessel disease pathology (e.g., cerebral amyloid 
angiopathy) that may provide a novel measure in this 
population, in addition to small vessel reactivity and 
blood flow velocity in individual penetrating arteries (25). 

Whilst the main emphasis of imaging studies in 
AD/ADRD research focuses on grey matter, diffusion 
weighted imaging (DWI) is the only non-invasive, 
albeit highly informative neuroimaging modality, that 
can provide valuable information pertaining to the 
microstructural connectivity of white matter (WM) tracts 
of the brain. Achieved by measuring the movement 
(diffusion) of water molecules within tissues (26). The 
introduction of DWI followed from a seminal paper on 
the topic in 1994 that proved the anisotropic diffusion 
of water can be exploited to understand WM fibre tract 
orientation (27). Now, there is increasing understanding 
in how alterations in diffusion signal between AD stages 
suggestive of changes in the microstructural integrity of 
WM tracts (26).  

However, DWI’s main limitation resides in its low 
specificity, as “cross-networks” of fibres are complex, 
overlapping structures that cannot be detected using 
conventional DWI methods. An exciting development in 
diffusion MRI is the development of fixel-based analysis 
(FBA). Like a voxel as a volume element (3D), a fixel 
is a fibre element, and therefore FBA has the potential 
to expand on the field of tractography extensively, 
allowing to measure axon density, intra- and extra-
cellular water, and evidence of demyelination and 
inflammation. Recently a two-year longitudinal study 
was conducted using participants from the Alzheimer’s 
disease neuroimaging initiative (ADNI) study (28). The 
authors identified specific fascicles associated with AD 
development and utilised two primary measures of free-
water fraction (FW; a neuroinflammation proxy) and 
“apparent fibre density” (AFD). Significant increases in 
FW were found, within multiple ROIs, to be associated 
with disease’s progression in AD patients but not among 
MCI and HC individuals. On the other hand, AFD was 
found to decrease within multiple ROI in both AD and 
MCI patients (by 7-8 and 3-5% respectively)– suggesting 
a shared feature between these stages. These new findings 
exemplify the potential utility of FBA in exploring 
changes in white matter microstructural integrity between 
AD stages (28). 

Thus, MRI is a powerful tool in that it can measure 
changes in both grey and white matter depending on 
its calibration. Moreover, multimodal MR approaches 
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combining imaging modalities aimed at exploring 
changes in both grey and white matter may aid in 
unravelling some of the pathogenic mechanisms 
underlying AD development.

The dysregulation of neural iron content is emerging 
as another risk-factor associated with AD development 
that can be visualised using MRI. An imbalance in iron 
homeostasis is implicated in the development of AD 
proteinopathies, e.g., Aβ plaques and neurofibrillary 
tangle (NFT) accumulation (29). Several methods 
have been shown to measure iron dysregulation, 
such as “quantitative susceptibil i ty mapping” 
(QSM). QSM is a non-invasive technique that can be 
used as a proxy for iron content (30). QSM signal in 
the inferior temporal gyrus (ITG) has been associated 
with the degree of cognitive impairment, with the ITG 
showing to be preferentially affected by tau deposits, 
suggesting a relationship between iron dysregulation 
and tau accumulation (30). Importantly, not just iron 
dysregulation has been implicated in AD but also copper, 
aluminium, zinc (and other metal ions) that interact with 
amyloid and tau in complex ways (31). 

Positron Emission Tomography (PET)

MRI has demonstrated its flexibility as an in vivo and 
non-invasive imaging modality in AD/ADRD research 
– crucial for assessing for evidence of structural atrophy 
(neurodegeneration; [N] within the AT[N] framework), 
as well as changes in brain function. Unlike MRI, 
Positron emission tomography (PET) provides a non-
invasive means to visualise and measure the density 
of biologically relevant molecular targets at sub-
nanomolar concentrations, such as amyloid (A) and 
tau (T). In tandem, both MRI and PET are instrumental 
in vivo biomarker tools, in AD/ADRD research trials, 
reflecting AD pathology. During PET studies, radioactive 
ligands are injected into the bloodstream and bind to 
the molecular target in question, and their kinetics at the 
target can be quantified via the emitted gamma radiation 
captured using the PET scanner. PET uses various metrics 
to quantify the specific molecular target within ROI e.g., 
the standard uptake value ratio (SUV) – which is regional 
concentration of ligand, controlling for the individual’s 
weight and the dose injected (32). A refinement of 
this approach designed to partially address potential 
differences in peripheral kinetics of the radioligand, is 
the standardized uptake value ratio (SUVR), where the 
SUV in the target region is normalised to a reference 
region (33). While most PET ligands commonly used in 
AD research do not have a true reference region, the use 
of a pseudo-reference region, which is known to remain 
relatively stable, has provided significant improvements 
over the SUV.  

Quantification of misfolded proteins such as amyloid 
and tau is particularly challenging in the context of 
typical multi-site studies conducted by a large number 

of imaging centres which require appropriate control 
of site/scanner qualification/set-up, acquisition, and 
harmonising analysis. Such studies demand robust 
analysis processes and pipelines to ensure adequate 
signal-to-noise and sufficient statistical power for PET 
studies that may be relatively expensive to conduct. 
The centiloid scale has recently been introduced, and 
widely adopted for both amyloid and tau radioligands, 
that has proven incredibly useful in standardising and 
harmonizing measurements between research studies 
and across different radioligands (34). Centiloid values 
are calculated by linearly scaling the tracer measurement 
to give a value ranging from 0 to 100 (30). A value of 
“0” refers to the average uptake of the measured tracer 
comparable to a “young control”, and on the other end 
of the scale, a value of “100” is representative of the 
average uptake found among “typical AD patients at 
the dementia stage” (34). Another significant  advance 
has been the development of the AmyloidIQ and 
TauIQ methods that provide a generalised metric such 
as “amyloid load” (AβL) and have been demonstrated 
to provide significantly greater power than standard 
analytical methods (35-37). 

PET is a widely used imaging modality in AD/
ADRD research, that has proven its flexibility in 
targeting specific molecules. Two well-known types 
are fluorodeoxyglucose- (FDG) and amyloid-PET that 
have become ubiquitous research tools in the field and 
the subsequent focus of hundreds (if not thousands) of 
publications over the years. One of the first radio-ligands, 
FDG-PET has a wide range of clinical applications in 
multiple disease areas, as it allows the measurement 
of regional alterations in glucose metabolism (both 
hyper- and hypo-metabolism). On-the-other-hand, 
amyloid-PET provides quantitative data on the regional 
amyloid-beta (Aβ) plaque burden (38). Several amyloid 
tracers have recently been developed, with significantly 
increased half-lives, allowing for their industrial (vs 
site radiochemistry) production; indeed, three such 
radioligands are currently, widely available commercially: 
18F-Florbetapir, 18F-Florbetaben, and 18F-Flutemetamol 
(38). There is no doubt that both FDG and amyloid-PET 
have vastly increased our knowledge and understanding 
of AD progression (and has been widely reported as 
such). As to not directly echo previous articles on the 
topic, this article will be instead focusing on tau-PET, 
a comparatively more novel approach. Tau-PET holds 
incredible promise in broadening our understanding of 
AD/ADRD even further, whilst also complimenting FDG- 
and amyloid-PET in multimodal imaging studies. 

Tau-PET involves a tau-labelled radiotracer, allowing 
the visualisation of cerebral tau load. The existing 
tau ligands provide a good signal of 3R tau isoform, 
that features in AD, but have poor affinity for the 4R 
isoform that is more commonly present in tauopathies, 
such as progressive supranuclear palsy (PSP), and 
in frontotemporal dementia (FTD). The spread of 
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tau pathology was until recently believed to cascade 
throughout the brain in a predictable or stereotypical 
pattern outlined by the Braak’s tau staging system. 
However, this has been questioned recently, with four 
distinct tau trajectory phenotypes proposed (39). Using 
from the first-generation tau ligand 18F-flortaucipir, 
the following spatiotemporal subtypes were proposed 
(a) limbic, (b) medial temporal load (MTL)-sparing, 
(c) posterior, and (d) lateral temporal. These features 
may broaden our understanding in explaining 
interindividual differences among patients across the 
AD continuum. The “limbic” pattern subtype was 
found to occur later and was the most frequently found 
among patients, demonstrating characteristics typically 
associated with AD (e.g., amnestic symptoms) and a 
greater proportion were Apolipoprotein ε4 (APOE ε4) 
carriers. By comparison, the patients with the “MTL-
sparing” phenotype had a younger onset, the “posterior” 
pattern was associated with comparatively slower 
cognitive decline, and the “lateral temporal” subtype 
was associated with a more rapid clinical progression in 
multiple cognitive domains (39). 

It has also recently been reported that the global signal 
intensity of tau-PET (but not Aβ–PET) predicted the 
level and spatial distribution of cortical atrophy over a 
one-year period (36). There appeared to be a sequential 
relationship between aggregated tau and so-called 
“downstream” neural degeneration leading the transition 
from MCI to AD (40). A clustering-based approach 
was used to identify three AD atrophy subtypes (a) 
“hippocampal-sparing (frontoparietal predominant)”, 
(b) “limbic-predominant (medial temporal lobe 
predominant)” and (c) “typical (temporal predominant)”. 
Using the 18F-Flortaucipir radiotracer, in MCI and 
AD patients, the tau burden was greatest among those 
displaying the hippocampal-sparing and “typical” 
atrophy subtypes, with the former patients showing the 
most rapid cognitive decline (one-year post-PET), and 
the latter, the most pronounced WMH volumes of the 
atrophy subtypes. Whereas, among those with “limbic-
predominant” atrophy, tau burden was especially present 
within the entorhinal cortex. The sub-classification 
of atrophic subtypes may, thus, allow to disentangle 
disease heterogeneity, improve diagnosis capabilities, and 
support future clinical development (41).

The above outlined the utility of tau-PET to inform our 
understanding of the distribution of cortical atrophy, but 
tau-PET can also make valuable contributions alongside 
brain function in multimodal imaging studies. A notable 
recent example was the combinational use of resting 
state fMRI and tau PET data (42). Higher rates of tau 
accumulation were associated with increased resting-state 
functional connectivity and brain regions with higher-
tau accumulation rates were preferentially connected to 
other regions that showed high tau accumulation (as with 
lower tau accumulation and low tau areas) suggesting a 
spatial affinity for its propagation between functionally 

connected regions (42).
As tau-PET is becoming increasingly recognised as a 

valuable tool, new “second generation” radiotracers are 
being developed, with higher affinity for tau aggregates, 
such as 18F-MK-6240, 18F-PI2620, and 18F-APN1607. 
These radiotracers were shown to also address the 
liability of first-generation ligands for offsite binding 
(presumed to be MAO-B). 18F-MK-6240 was found to 
accurately discriminate between ‘Aβ negative’ without 
cognitive impairment and those on the “AD continuum”, 
defined here as ‘Aβ positive’ with or without cognitive 
impairment. These results are promising in 18F-MK-
6240 being utilised to broaden our understanding of AD 
progression. The authors concluded that longitudinal 
studies with larger sample sizes would be needed to 
address the large variance in the results of their study 
(43).

Another recently developed tau radiotracer that has 
promising applications in AD research is 18F-PI-2620. It 
has shown a high binding affinity to aggregated tau in the 
brain that bolstered a high signal-to-noise ratio in both 
AD and HC participants with good tolerance (44). 

Ascertaining the precise aetio-pathogenic mechanisms 
of AD/ADRD presents an undoubtedly complex problem 
but imaging protocols, using multiple tracers may be 
used during a study protocol to better understand the 
nature of the spatial aggregation of AD pathology and 
it’s sequencing along numerous clinical pathways. Recent 
evidence suggests that, when measuring tau in the 
cerebrospinal fluid (CSF) and amyloid- and tau-PET, CSF 
measuring phosphorylated tau (p-CSF) and CSF total-
tau started to increase before the threshold for amyloid 
PET “positivity” (45), whereas other studies suggest that 
tau-PET start to progress after amyloid PET positivity. 
The effects of amyloid PET on tau-PET may be mediated 
by phosphorylated tau species, with high p-CSF levels 
predicting increases in tau-PET uptake levels (45). This 
expands on Braak’s staging of neurofibrillary pathology 
in that tauopathy - cytoskeletal alterations within neurons 
- (a) follows a “predictable sequencing pattern” that 
tends to stem from the transentorhinal region (and the 
basal temporal neocortex), and (b) these intraneuronal 
changes (e.g., NFTs) precede the aggregation of insoluble 
amyloid deposits (29). The aggregation and accumulation 
of NFTs and Aβ are not mutually exclusive events but the 
understanding of the pathological temporal sequencing of 
AD across multiple stages is undoubtedly important for 
developing new treatments and interventions for AD.

As the field is increasingly recognising the role of 
vascular risk factors in AD development, multimodal 
imaging studies have begun to explore the synergistic 
relationships between AD pathological markers and 
vascular risk. In a study involving preclinical older 
adults, a significant interaction was found between 
higher measures of vascular risk and higher levels of 
Aβ burden in most regions (bar the entorhinal cortex) 
that was then associated with increased tau levels (46). 
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These results were gathered using a combination of the 
“Framingham Heart Study cardiovascular disease risk” 
to measure “vascular risk” (measures of body mass index, 
history of diabetes, smoking behaviours, among others), 
18F-Flortaucipir (tau), and 11C-Pittsburgh Compound-B 
(PiB) PET (Aβ), that raises the interesting possibility of 
increased vascular risk inducing a “second hit” – “that 
further potentiates the spread of Aβ-related neocortical 
tau pathology” (46). Elevated vascular risk may, thus, 
present an important avenue in future AD intervention 
studies and/or to attenuate the impact of AD-related 
pathology in older adults.

It may be tempting to focus research and development 
efforts primarily on tau, given the history of unsuccessful 
drug development trials focusing on anti-amyloid 
targeting medication – that is, until the recent FDA 
“accelerated” approval of aducanumab (47). However, 
several recent studies emphasise the significant role that 
Aβ seems to play in the temporal sequencing of events 
leading to a clinical diagnosis of AD. A recent study 
on the histopathological interactions between global 
amyloid and medial temporal neuroinflammation (48)  
reported that, in relation to tau spread, amyloid appeared 
to interact with transentorhinal neuroinflammation 
which, in turn, triggered the spread of tau across the 
neocortex (Braak stages II-III), followed by a subsequent 
spread of tau across Braak stages III-IV and the associated 
brain regions. A sentiment that was supported a year 
later, among a group of researchers who concluded that 
a “moderate” Aβ level is required for tau within the 
neocortex to be detectable, and that >40 centiloid of global 
Aβ burden is required to induce an accelerated spread of 
tau (49).  

Another potential PET target is neuroinflammation. 
Targeted PET radiotracers can be used to visualise 
the presence of activated microglia that respond to 
inflammation and injury, within the central nervous 
system (50). A recent immunofluorescence study, 
using the AD PDAPPJ20 mice model, found evidence 
of “autophagic impairment”; as the mice aged, the 
hippocampus showed lower phagocytic activity when 
exposed to Aβ, indicative of an impairment to effectively 
promote Aβ clearance from the brain. “Impaired 
autophagy and lysosome dysfunction” in AD mice may 
provide a novel research avenue for future studies (51).

The initial radiotracers aimed at visualizing microglial 
activation and neuroinflammation targeted the 
translocator protein 18kDa (TSPO). The first TSPO tracer 
was 11C-PK11195 followed by 11C-PBR28, 18F-DPA-714 
and several others. 

In attempting to gain insight into the relationship 
between neuroinflammation and AT[N] biomarkers, a 
recent longitudinal study used 11C-PK11195, 11C-PiB 
PET (amyloid) and 18F-Flortaucipir (tau) in MCI patients, 
over a two years’ period (52). The authors reported that 
among MCI patients displaying with low Aβ burden at 
baseline, but subsequently rising levels of such, showed 

higher microglial activation that were then found to 
decline as the individuals approached Aβ loads at “AD 
levels”. As tau tangles form later along the temporal 
pathological sequencing in Aβ+ individuals,  increased 
tau aggregation was then associated with higher levels 
of neuroinflammation. The “two peak hypothesis” was 
therefore proposed, stipulating that the first peak is 
driven by Aβ aggregation, and the second peak being 
driven by the accumulation of tau tangles (52). 

Non-TSPO neuroinflammation radiotracers have 
also been developed. For example, the PET tracer 11C-
BU99008, targeting imidazoline 2 binding sites (I2-BS; 
found mainly in the mitochondria) was used recently 
to explore astrocyte reactivity among MCI due to AD 
or AD patients, compared to healthy controls (53). The 
authors found a relationship between 11C-BU99008 and 
18F-Florbetaben uptake (in support of previous research 
finding a link between increased astrocytic activity and 
above threshold Aβ deposition). A further key finding 
was the observed increased 11C-BU99008 uptake among 
a significant portion of those classified as “Aβ-negative”, 
suggesting that astrocyte reactivity may still occur at 
below-threshold Aβ burden. These findings may add 
credence to the potential value of neuroinflammation as a 
target for therapeutic intervention. 

The development and application of other novel 
radioligands allow for the exploration of other potential 
mechanistic pathways that can lead to AD development. 
A specific example are novel PET tracers that attempt 
to elucidate the complex relationships between 
the dysregulation of mitochondria in older adults in 
connection with alterations in energy metabolism and 
oxidative stress. Recently, two PET tracers have been 
developed for in vivo human studies of mitochondrial 
function: 18F-BCPP-EF and 11C-SA4503 (54). The 
mitochondrial complex-1 (MC-1) is the first enzyme in the 
electron transport chain (ETC) critical for the generation 
of mitochondrial adenosine triphosphate (ATP), and 
a major source of reactive oxygen species in the cell. 
[18F]BCPP-EF binding reflects electron transport chain 
(ETC)-related mitochondrial function. The σ-1 receptor 
(σ1R) is a chaperone protein enhancing Ca2+ influx from 
the endoplasmic reticulum into the mitochondria, thus 
modulating mitochondrial (ATP) production (54). These 
tracers demonstrated high reliability in the quantification 
measurements of mitochondrial function in the brains of 
healthy human participants and have been applied to AD 
(and other neurodegenerative diseases) research over the 
last few years.

A notable example is with a recent study aimed to 
assess for mitochondrial and glycolytic impairments in 
patients among those with early to moderate AD (55). 
The core aim was to explore whether there are regional 
differences of glycolysis (the breakdown of glucose and 
measured via [18F]FDG) and of mitochondrial oxidative 
activity ([18F]BCPP-EF) among AD patients. The authors 
found reductions in [18F]BCPP-EF binding within 
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various regions of the temporal (both medial and lateral) 
cortex; the parahippocampus appeared particularly 
susceptible to alterations in [18F]BCPP-EF availability, 
whereas the same region was least affected by [11C]
PiB. Thus,  in the context of the temporal sequencing of 
AD, parahippocampal mitochondrial dysfunction may 
precede hypometabolism (at least in this brain region). 

Finally, to further illustrate the flexibility of PET as 
an in vivo tool for AD and dementia research, the [11C]
UCB-J radiotracer has been developed to target synaptic 
vesicle glycoprotein 2 (SV2; a presynaptic membrane 
glycoprotein expressed in almost all synapses) that can 
be used to measure the distribution of synaptic density 
across the brain (56). [11C]UCB-J was used to identify 
evidence of synaptic pathology among older adults 
with a diagnosis of amnestic MCI  (aMCI; (56)). The 
research was conducted in response to prior results 
finding localised reductions in SV2A binding within the 
hippocampus among those with aMCI and mild AD 
(56, 57), found an inverse correlation between global 
Aβ deposition ([11C] PiB) and hippocampal synaptic 
density ([11C]UCB-J) among those with aMCI but not 
with dementia. The authors concluded that this may be 
explained by Aβ reaching a “relative plateau as a pool of 
primarily insoluble fibrillar Aβ, a point at which Aβ may 
uncouple from neurodegenerative processes including 
synaptic loss”. However, it is worth emphasising that 11C 
radiotracers (e.g., those exemplified in this commentary) 
are often limited by their incredibly short half-lives, 
and therefore, require an on-site cyclotron which is not 
feasible for most clinical research centres.

Retinal Imaging (RI)

The neurosensory retina, described as ‘a window 
to the brain’, given its direct connection to the central 
nervous system via the retinal ganglion cells (RGC) and 
ease-of-access, is emerging as a potentially valuable 
medium for studying AD in vivo (58). Given the eye-
brain link, it is not surprising that the retina manifests 
similar pathological attributes that are evident in the 
neurodegenerative process. Indeed, AD patients present 
with retinal degenerative abnormalities such as RGC 
preferential loss, thinning of the optic nerve and vascular 
changes have been found in the retina of patients with 
MCI and AD (59). Increasing evidence also confirmed the 
presence of canonical AD pathologies (Aβ and tau) within 
the retina and optic nerve (60, 61).

Posited as low-cost and non-invasive, retinal imaging 
technologies are emerging as potentially useful AD 
biomarker tools in AD research. One such example is 
Optical Coherence Tomography (OCT), an imaging 
technique widely used in ophthalmology to generate 
high-resolution 2D/3D images of retinal anatomy over a 
wide field of view. Notably, recent OCT studies in MCI 
and AD patients have shown evidence of retinal fibre 
layer (RNFL) thinning, RGC loss and micro-vascular 

abnormalities (62, 63). Furthermore, in a prospective 
longitudinal setting, lower RNFL thickness at baseline 
was associated with increased risk of subsequent 
cognitive decline and dementia (64, 65). However, lack of 
a standardization in OCT studies is a major limitation in 
its wider use as a clinical research tool (66).

Confocal scanning laser ophthalmoscopy (cSLO), 
allowing for retinal fluorescence scanning, represents 
another promising new RI technology in AD research, 
as it has been shown to directly visualize amyloid 
deposits in the retina of MCI and mild to moderate AD 
patients, previously given oral Curcumin (67). Indeed, 
the food additive curcumin has natural fluorescent 
properties and binds to fibrillary Aβ thus enabling 
the identification of plaques with non-invasive retinal 
fluorescent imaging. Recently, Ngolab et al. (68) 
used this technique to compare the retinal (curcumin 
binded) with brain Aβ burden, as detected by PET, in 
a small sample of asymptomatic participants above 
and below amyloid threshold; they observed a distinct 
discriminatory capacity for distinguishing cognitively 
healthy older adults with high cerebral amyloid load 
from those with below-threshold amyloid load. Recent 
evidence suggests that amyloid retinal accumulation 
may be detected without the use of Curcumin or another 
reagent, through blue-light autofluorescence scanning 
(69). This new technique is currently being adopted in 
our  on-going,  industry funded,  CHARIOT PRO study 
at Imperial College London (70) and the recently initiated 
UK-wide “Deep and Frequent Phenotyping (DFP)” study. 
Assuming that the above preliminary findings are further 
validated in these and other large-scale prospective 
longitudinal studies, retinal fluorescence scanning, and 
OCT may become important low-cost and non-invasive 
RI techniques allowing for risk assessment-for-AD in 
cognitively healthy individuals and in pre-selecting 
potential RCT participants for the far more expensive and 
more invasive PET and/or CSF studies for determining 
AT[N] status. 

Expanding role of Machine Learning and 
Artificial Intelligence in Imaging analysis

Given the mammoth amount of information collected 
during the acquisition process, imaging is fundamentally 
a “big data” problem. Analysing such high-dimensional 
data collected from multiple participants’ brain slices, 
often over several sessions, and even against the data of 
other imaging methods may be daunting but by being 
cognisant of the tools available to handle such a challenge 
is key; and one such approach is via ML.

Amongst many ML techniques, a recent study 
combining convolutional neural networks (CNN) and 
ensemble learning (EL) found CNN as an effective tool 
in automated feature learning with the use of a variety of 
multilayer perceptrons”, whilst EL effectively integrates 
multiple models (71). The authors adopted a CNN-
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EL method alongside structural MRI data to classify 
participants between (a) those with AD vs. HC, (b) MCI-
converters and HC, and (c) MCI-converters vs. MCI-
nonconverters. This data-driven approach proved more 
accurate in distinguishing the AD, MCI-converters, and 
HC control groups (but not MCI-converters vs. MCI-
nonconverters) compared to other similar methodologies. 

Furthermore, ‘deep learning’ provides an effective 
means to analyse data collected from multiple sources, 
in this case imaging (MR), genetic (single nucleotide 
polymorphisms), and clinical testing data with the aim 
to support AD staging analysis (72). Deep learning 
algorithms are advantageous over “shallow” methods 
due to their ability to learn which features are most 
predictive for a particular outcome (in this case AD 
staging using multimodal data). In short, the researchers 
found that integrating data from multiple sources 
improved the predictive accuracy between different AD 
stages (cognitively normal, MCI, and AD). Supporting 
deep learning models in future AD trials to improve the 
predictive accuracy in staging categorisation (72).

Future Directions 

Despite years of exhaustive research and thousands 
of publications, we have still not fully elucidated the 
biological mechanisms and processes underpinning the 
development of AD and ADRDs, nor the extent and 
mechanisms underlying its heterogeneity. A paradigm 
shift going beyond the exclusive examination of AT[N] 
biomarkers is warranted to reflect on the strategic long-
term considerations in how best to use neuroimaging in 
AD/ADRD research in the future to support our goals 
in dementia prevention, and as such we suggest a three-
pronged approach:
1. Consolidating the wealth of new information that 

neuroimaging studies continue to give us and by using 
emerging imaging methods to promote the discovery 
of new biomarkers that may provide important insight 
into AD’s underlying causes and reasons behind its 
heterogeneity within studies with long follow-ups and 
appropriate sample sizes. 

2. It is becoming increasingly clear that multimodal 
neuroimaging studies, possibly coupled with genetic 
and other fluid biomarkers studies, may be necessary 
to untangle the effects of multiple risk factors on AD 
development. Novel imaging protocols may prove 
instrumental in uncovering the underlying neural 
mechanisms behind AD that cannot be achieved using 
singular imaging methods alone. With emerging neuro-
imaging and other multi-modal biomarker discovery 
and validation work, novel analytic ML/artificial 
intelligence (and other cutting-edge methodologies) 
are urgently required and are, indeed, beginning to be 
applied to AD/ADRD research.

 In dementia prevention, whereas MRI and PET 
methodologies remain instrumental  tools in 

randomised clinical trial (RCT) protocols, in pre-clinical 
AD stages, their use for risk status assessment in the 
context of preventative public health strategies in the 
general population is neither feasible nor clinically 
relevant. Further research is warranted towards the 
development and validation of low-cost and non- 
invasive technologies, such as retinal imaging, plasma 
biomarkers and genetics, that are amenable to a wider 
implementation. Such technologies may also be of 
value in the pre-screening phase of RCTs for selection 
of candidates for the more expensive and/or invasive 
neuroimaging or CSF studies.    

3. Neuroimaging is by no means a standardised practice 
at this point in time (73). Given the sheer magnitude 
of decisions made at various stages, whether it 
is calibrating the technology or analysing the vast 
quantities of data, these decisions can significantly 
affect the outcomes and results. Consequently, often 
poor reproducibility between research teams remains 
an ongoing issue. It is only by coming together to 
determine ‘best practice’ procedures in how imaging 
data is collected, recorded, and analysed, can then be 
disseminated with confidence. 

In conclusion, whereas singular neuroimaging 
techniques may effectively address hypothesis specific 
objectives, the wealth of options and emerging broad 
capabilities of neuroimaging makes it invaluable in 
clinical research to enhance our understanding of this 
complex and potentially highly heterogeneous disease.  
The choice is dependent upon the desired outcomes 
of the clinical research, and the right “tool” for the job 
depends on the targeted hypothesis and explicit outcome 
measure(s). The fast pace of the field of neuroimaging in 
new modalities, more effective data acquisition protocols, 
and integrative approaches means that brain imaging 
will continue to play an important part in AD/ADRD 
research. By reflecting on recent developments in this 
field, we can make a unified effort to consolidate and 
branch into new research avenues in the attempts to 
disentangle the complexity of this relentlessly progressive 
and devastating disease.
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