
 

 

Introduction 
 
Alzheimer’s disease (AD) was first documented 
in 1907, and has since become a major medi-
cal concern, with a current estimate of approxi-
mately 33.9 million people affected worldwide 
[1].  AD is the most common form of dementia, 
a fatal neurodegenerative disease where pa-
tients suffer from severe cognitive impairments, 
loss of memory, and the inability to function in 
later stages.  Clinical diagnosis is made primar-
ily based on the presence of cognitive impair-
ments as confirmed by standardized cognitive 
and neuropsychological tests with supplemen-
tary information from genetics, neuroimaging, 
and biomarkers [2], although definitive diagno-
sis can only be made post-mortem.  It should be 
noted that biomarkers are not yet used in rou-
tine clinical settings.  Nonetheless, with ad-
vances in neuroimaging and the finding of new 
biomarkers, differential diagnosis has become 

much easier in recent years [3-6].  This review 
aims to summarize the progress of current 
neuroimaging techniques in AD, as well as dis-
cuss their use in animal studies. 
 
Neurobiology of Alzheimer’s disease 
 
As of yet, there is no disease-modifying treat-
ment for AD, with current approved drugs target-
ing the cholinergic [7-9] and glutamatergic [10-
14] systems which improve symptoms but 
whose role in neuroprotection is still debated 
[15].  This is not unexpected, as the underlying 
cause of AD is itself unknown; there have been 
numerous hypotheses for its etiology, but none 
have been conclusive to date.  The most widely 
accepted is the amyloid hypothesis. 
 
The amyloid hypothesis originated from the ob-
servation that patients suffering from AD, par-
ticularly early-onset familial AD (FAD), had de-
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posits of amyloid plaques and neurofibrillary 
tangles in the brain [16].  It was found that the 
plaques were aggregates of toxic β-amyloid (Aβ) 
fragments, made from amyloid precursor pro-
tein (APP) that had been cleaved abnormally.  
APP is a transmembrane protein of unknown 
function that can be cleaved by three different 
enzymes: α-, β-, and γ-secretase (reviewed in 
[17]).  Normally, APP is cleaved by α-secretase, 
leaving a C-terminal tail C83 that can then be 
cleaved again by γ-secretase to form the non-
toxic P3 fragment.  The amyloidogenic pathway 
has APP cleaved by β-secretase instead of α-
secretase, leaving a longer C-terminal tail C99, 
which when cleaved by γ-secretase forms the 
toxic Aβ fragment found in AD (reviewed in 
[18]).  The Aβ monomers aggregate to form 
dimers, trimers, oligomers, pre-fibrils and insolu-
ble fibrils, which adhere further to form plaques 
in the brain; these were thought to trigger the 
formation of neurofibrillary tangles, ultimately 
leading to neuronal death and cognitive decline.  
However, recent studies show that it is in fact 
the soluble Aβ dimers, trimers, and oligomers 
that are neurotoxic and lead to synaptic dys-
function and poor memory consolidation, while 
insoluble Aβ plaques do not actually correlate 
well with cognitive function [19, 20].  
 
Further investigations found that the mutations 
seen in FAD were either gene mutations in APP 
or in the presenilins (PS), which are a part of the 
γ-secretase enzyme, resulting in higher levels of 
total Aβ production or a greater likelihood of 
creating the toxic Aβ fragment, respectively 
(reviewed in [21]).  In late-onset sporadic AD, 
the genetic marker that could predict disease 
onset is apolipoprotein E (ApoE).  ApoE is a lipid 
carrier protein that interacts with Aβ and APP 
[22].  There are three allelic variants present in 
ApoE, of which ApoE4 greatly increases the like-
lihood of developing AD, as it has been found to 
correlate with more Aβ deposits [23].  However, 
it is not the best predictor, as 30-40% of AD 
patients do not have the allele, whilst 30% of 
healthy controls do [24].   
 
The amyloid hypothesis is the dominant theory 
for AD etiology as it fits in with the molecular 
and functional changes found in the disease, 
although its role is not yet fully understood.  
Nonetheless, there are critics to the theory.  
Studies have shown that the density of Aβ ag-
gregates do not necessarily correlate with cogni-
tive decline [25-27], and although the removal 

of Aβ plaques in animals has demonstrated an 
improvement in cognitive symptoms [28-30], 
human clinical trials have been prone to compli-
cations and the result has not been replicated 
convincingly [31, 32]. 
 
An alternative hypothesis speculates that AD 
may occur as a result of vascular impairment.  
De la Torre [33] presented the critically attained 
threshold of cerebral hypoperfusion (CATCH) 
hypothesis, in which a vascular risk factor cou-
pled with advanced age led to hypoperfusion of 
blood to the brain.  The resulting drop in brain 
glucose and oxygen levels then lead to the neu-
ronal damage, abnormalities in APP processing, 
tau phosphorylation, and other metabolic defi-
cits seen in AD [33-36].  Perfusion imaging stud-
ies have provided evidence that vascular impair-
ment and chronic brain hypoperfusion (CBH) are 
associated with the conversion from mild cogni-
tive impairment (MCI) to AD [37-39], a signifi-
cant finding for early diagnosis and prevention.  
However, the vascular hypothesis fails to ex-
plain early-onset FAD, where patients do not yet 
appear to have vascular impairments; it is pos-
sible that genetics play a larger role in this co-
hort. 
 
It should be noted that vascular impairments 
leading to AD is not the same as vascular de-
mentia (VaD), a separate subtype of dementia 
with different disease progression and indica-
tions; however, AD and VaD do share several 
aspects such as vascular risk factors [33, 40-
41], white matter lesions [42], and how they 
respond to similar treatments [42].  As such, 
they are difficult to diagnose differentially, and it 
has even been suggested that VaD is simply an 
extension of AD [33, 43], where VaD results 
from spontaneous vascular insult such as 
stroke, and AD results from CBH.  As further 
neuroimaging studies targeting cerebral perfu-
sion are conducted, there may be a better un-
derstanding as to the distinction between the 
two dementias, as well as how relevant the vas-
cular hypothesis is in the determination of AD 
etiology. 
 
Neuroimaging in AD 
 
Although the cause of AD remains hidden, ef-
forts should still be made to continue improving 
diagnosis, disease and drug monitoring, and 
finding biomarkers which can predict disease 
onset.  Neuroimaging has developed over the 
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years to become very capable in these regards, 
providing high resolution images of patients’ 
brains that can be monitored over time, nonin-
vasively.  It is a versatile tool, allowing the analy-
sis of grey and white matter volumes, white mat-
ter tract integrity, vasculature, and even the 
presence of Aβ plaques.  Many studies have 
also shown that neuroimaging can distinguish 

between MCI patients likely to convert to AD 
and those who are not, as seen with the perfu-
sion results [37-39].  Neuroimaging has been 
conducted in both human cohorts and animal 
cohorts, often producing complementary data; 
Figure 1 shows some of these results in differ-
ent modalities.  These techniques will be de-
tailed in the following sections.   

Figure 1.  A selection of imaging results obtained via different neuroimaging techniques in human and mouse stud-
ies.  Magnetic resonance imaging (MRI), positron emission tomography (PET), and magnetic resonance spectroscopy 
(MRS) show that the effects of Alzheimer’s disease (AD) onset can be detected in humans and transgenic (Tg) mice, 
although it should be noted that Pittsburgh Compound-B-PET (PiB-PET) failed to provide significant results in mouse 
models.  Similarly, MRI in humans has not been able to detect Aβ plaques (indicated in APP and APP/PS1 mice by 
small white arrows), though cortical atrophy and ventricle dilation have been seen in both humans and rTg4510 mice 
(indicated by large white arrows and blue arrows, respectively).  Multimodal studies combine the results from these 
techniques to acquire complementary data.  Color bars for human PiB-PET indicate cortical voxel-to-cerebellar reten-
tion ratio, and standard uptake value ratio (SUVR) in rat 18F-FDDNP-microPET.  Adapted from [136], [133], [109], 
[94], [148].  Acronyms: NAA = N-acetyl aspartate; Cr = creatine; mIns = myo-inositol; Glu = glutamate; tCr = creatine 
and phosphocreatine; ppm = parts per million. 
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Use of animal models in AD 
 
Transgenic animal models have been particu-
larly useful in the study of AD in all aspects, 
from the understanding of its molecular etiology 
to the development of potential drug treat-
ments.  Due to the relative lack of variation be-
tween transgenic animals, the ability to main-
tain controlled conditions, and the possibility of 
targeting specific genes, they have become a 
crucial tool in AD research.  Several transgenic 
lines have been developed in fruit flies [44-46], 
rodents [44, 47-51], dogs [52], and primates 
[53, 54] to mimic features seen in AD.  This re-
view will focus on mice, as they are the most 
widely used animal model that can also be used 
in neuroimaging. 

 
Neuroimaging studies in human cohorts 
 
One of the benefits of neuroimaging is that hu-
mans can be scanned noninvasively, with es-
sentially in vivo data.  Effects of drugs and 
other treatments can be monitored continu-
ously, and the use of functional neuroimaging 
can provide insights as to how the brain works 
whilst doing tasks, and how AD compromises 
those functions.   

 
Structural MRI 
 
In the past decade, structural magnetic reso-
nance imaging (MRI) has been increasingly 
used to aid in the diagnosis of AD and other 
forms of dementia [55].  Due to its ability to 
create high resolution images of brain tissue, 
structural MRI is able to measure cortical thick-
ness as well as volumes of different regions.  
Cross-sectional MRI studies have shown that 
one of the brain areas most affected by AD, the 
medial temporal lobe and its surrounding struc-
tures, has reduced volume in patients when 
compared to healthy controls [39, 56, 57].  Hip-
pocampal volume decrease is also a common 
finding in MRI studies, and is correlated well 
with memory impairment in AD patients [58, 
59].  Caroli et al. [39] also found that MCI pa-
tients who later converted to AD had hippocam-
pal volumes smaller by about 8.5%, although 
the finding was not significant.  In addition, sev-
eral studies have found that carriers of the 
ApoE4 allele have smaller hippocampal vol-
umes than non-carriers, in both AD patients and 
healthy volunteers [60-65].  Longitudinal stud-
ies are capable of tracking total brain and re-

gional atrophy rates, and it has been found that 
this could be a predictor for disease progression 
in AD and MCI [66, 67].  Dubois et al. [68] pro-
posed that new research criteria for the diagno-
sis of probable AD should include the presence 
of medial temporal lobe atrophy based on quali-
tative ratings or quantitative volumetry of re-
gions-of-interest from structural MRI images. 
 
Radionuclide imaging studies 
 
Functional brain imaging employing 18F-FDG-PET 
and single photon emission computed tomogra-
phy (SPECT) study altered cerebral glucose me-
tabolism and cerebral blood flow, respectively.  
18F-FDG-PET studies have shown substantial 
reduction in glucose metabolism in the limbic 
structures of MCI patients [69], and predicted 
the decline of normal subjects to MCI and AD 
[70].  SPECT was able to make similar distinc-
tions between MCI converters and non-
converters [71, 37-39]. 
 
New radioactive tracers have been developed 
that target AD in a more specific manner.  As 
previously described, AD is characterized 
pathologically by neuronal loss, extracellular Aβ 
plaques and intracellular neurofibrillary tangles 
in the brain.  As such, PET research on AD nowa-
days has focused on tracers useful in binding 
Aβ fragments.   
 
The more popular tracer is Pittsburgh Com-
pound-B (PiB) which is an Aβ-binding compound 
based on a series of neutral thioflavin-T deriva-
tives [72].  In a post-mortem study, it was found 
that PiB selectively bound to insoluble Aβ 
plaques in AD brains, thus making it a valid 
method of in vivo plaque imaging [73].  Fors-
berg et al. [74] also observed that PiB retention 
was different for normal controls, MCI patients, 
and AD patients, with MCI patients retaining a 
PiB level between those of controls and AD sub-
jects.  MCI patients who converted to AD also 
displayed higher levels of PiB retention than non
-converting MCI and control subjects [75, 76].  
The shortcoming of this agent is that it is radio-
labelled with a short-lived positron emitter, 11C, 
which has a physical half-life of 20 minutes.  A 
more recent tracer, 18F-AV-45, is a polyethylene 
glycol (2-5 units) that can be fluorinated, thus 
easily labeled with another positron emitter 18F 
that has a longer half-life of 110 minutes.  Re-
cent data have suggested that this agent has 
similar beta-amyloid binding capacity compared 
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to PiB and, because of its longer physical half-
life, it has better counting statistics [76].   
 
SPECT studies conducted by Caroli et al. [39] 
and Johnson et al. [37] both concluded that 
converters from MCI to AD displayed larger de-
grees of hypoperfusion that non-converters, but 
in different regions.  Caroli et al. found that 
more hypoperfusion in parahippocampal and 
inferior temporal regions correlated with AD 
conversion, whilst Johnson et al. found hypoper-
fusion in the anterior and posterior cingulate, 
bilateral insula, and the right prefrontal region.  
More recently however, Devanand et al. [77] 
found that regional blood flow in temporal and 
parietal regions, as well as those of preselected 
regions-of-interest (ROIs) could not predict AD 
conversion in MCI subjects, although global 
blood flow could.  Blood flow in ROIs could only 
correlate with AD conversion after dichotomizing 
at the median value.  Moreover, when com-
pared with other hypothesized predictors such 
as hippocampal cortex volume, age, MMSE 
scores and ApoE4, SPECT results were unable 
to add any significant predictive value.  This 
discrepancy in reported results may be due to 
the lack of standardization in analytical tech-
niques. 

 
Arterial spin labeling 
 
Arterial spin labeling (ASL) is a quantitative MRI 
perfusion imaging method which has the advan-
tage of being noninvasive, as it does not require 

intravenous injection of exogenous tracers [78].  
ASL MRI uses electromagnetic labeling of the 
naturally occurring water in blood to acquire 
images sensitive to flow.  A preliminary study by 
Alsop et al. evaluated the utility of ASL MRI for 
detection of cerebral blood flow abnormalities in 
AD.  The study found that cognitive decline cor-
related with a decrease in cerebral blood flow 
(CBF) in the posterior parietal and posterior cin-
gulate, but not to temporal cortices [78].  An-
other study showed regional perfusion in AD 
subject brain regions similar to those seen in 
18F-FDG-PET and HMPAO SPECT studies of simi-
lar populations [79].  However, these studies 
calculated CBF based on the assumption that 
arterial blood water was exchanged with tissue 
water instantaneously, which may not apply to 
diseased populations, and therefore may be 
biased.  The pulsatile ASL method with multiple-
delay time sampling quantitative STAR labeling 
of arterial regions (QUASAR) pulse sequence 
[80] has the advantage of being model-less, 
and makes no assumptions regarding the water 
exchange mechanisms.  It has been employed 
in recent studies [81, 82] to measure hemody-
namic parameters in patients with AD, but with 
conflicting results.  Both groups found signifi-
cantly lower regional CBF in AD patients (seen in 
Figure 2, adapted from [82]), but whilst Yoshi-
ura et al. [81] found no significant change in 
regional arterial transit time (rATT), nor a signifi-
cant difference in regional arterial blood volume 
(rABV), Mak et al. [82] saw significant prolong-
ing in rATT in the left inferior frontal and middle 

Figure 2.  Between group analyses of arterial spin labeling cerebral blood flow maps of Alzheimer’s disease patients 
compared to controls, where hypoperfusion in patients is highlighted in red.  Adapted from [82] with permission from 
the copyright holder. 
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cingulate gyri, as well as significant reductions 
in rABV for AD subjects.  Possible reasons for 
this discrepancy may be due to differences in 
AD severity, as the AD cohort for Yoshiura et al. 
had higher MMSE scores. 

 
Diffusion imaging 
 
AD is often associated with grey matter atrophy, 
but its effect on white matter integrity has also 
been observed in various studies.  It has been 
suggested that another underlying cause of AD 
could be the process of myelin breakdown with 
age [83].  Although that has not been proven, 
Aβ deposits and neurofibrillary tangles do also 
interact with myelin.  White matter changes can 
also be afflicted by underlying vascular 
changes, with white matter hyperintensity being 
found in conventional structural neuroimaging 
[84, 85] also linking it to an increased risk of 
developing MCI or the conversion from MCI to 
AD, warranting further investigation.  It has also 
been suggested that some white matter dam-
age is Wallerian degeneration and occurs as a 
consequence of neuronal loss in the cortex [86].  
Regardless of cause, being able to measure 
white matter integrity is another useful tech-
nique in AD imaging. 
 
Diffusion tensor imaging (DTI) is a noninvasive 
MRI technique capable of tracking neuronal 
axons by measuring the degree of anisotropy in 
water diffusion.  White matter atrophy or lesions 

will affect the fractional anisotropy (FA) and the 
mean apparent diffusion coefficient (ADC), or 
mean diffusivity (MD), common quantitative 
measures of white matter integrity [87].  Of par-
ticular interest are the corpus callosum and 
temporal lobe structures, where atrophy is 
known to occur as AD progresses.  Due to the 
highly structured arrangement of white matter 
bundles in the corpus callosum, it was possible 
for Hanyu et al. [88] to estimate changes in ani-
sotropy based on the diffusivity along different 
axes.  They found decreased FA in the splenium 
and genu of the corpus callosum, which also 
correlated with the degree of cognitive impair-
ment.  More recent studies have shown that MD 
is also increased in the left temporal and hippo-
campal regions of MCI and AD patients than 
normal controls [89].  However, there is conflict-
ing evidence as to whether or not DTI can relia-
bly detect MCI [87], and also how biologically 
sound the assumptions are that determine DTI 
measures [90]. 
 
Recently, more advanced diffusion imaging has 
allowed for better tissue characterization.  Diffu-
sion kurtosis imaging (DKI) addresses the prob-
lems of DTI and is more able to characterize 
tissue complexities [90], as seen in Figure 3 in 
normal cohorts.  This is largely due to the differ-
ent assumptions of water diffusion in the cellu-
lar environment, where DTI assumes that water 
molecules travel freely within and outside of 
cells in a Gaussian manner; this has been 

Figure 3.  A comparison of results between diffusion tensor imaging (DTI) and diffusion kurtosis imaging (DKI) se-
quences in normal human and wild type mouse cohorts.  DKI is able to show more details in white matter as well as 
grey matter.  Adapted from [90].  Acronyms: MD = mean diffusivity; FA = fractional anisotropy; MK = mean kurtosis; 
FAK = fractional anisotropy of kurtosis. 
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shown to be an invalid assumption at high b-
values [91].  DKI looks at non-Gaussian proper-
ties of water diffusion, better modeling the in 
vivo cellular environment.  As such, where DTI 
failed to characterize potential grey matter 
changes due to the limitations in its measures 
of diffusivity, DKI was able to find significant 
trends in mean kurtosis with age in both white 
and grey matter of the prefrontal regions [92]. 
 
Although few DKI studies have been conducted 
for AD, results from normal aging cohorts [92] 
and Parkinson’s disease [93] affirm that DKI is 
able to detect subtle cellular changes attributed 
to neuronal shrinkage, breakdown of myelin and 
neurofibrils, and changes in extracellular matrix 
complexities.  These were found in both grey 
and white matter on a microstructural scale, 
something which has been lacking in conven-
tional human neuroimaging. 

 
Magnetic resonance spectroscopy 
 
Proton magnetic resonance spectroscopy (1H-
MRS) is another noninvasive neuroimaging 
technique targeting the molecular aspect of AD.  
It provides biochemical information about the 
neural environment, such as the chemical com-
position of cells and metabolic processes.  The 
presence of different metabolites implicate dif-
ferent processes: N-acetyl aspartate (NAA) is 
produced by neuronal mitochondria and is only 
seen in neurons, creatine (Cr) marks cell energy 
metabolism, choline (Cho) indicates membrane 
integrity, and myo-inositol (mI) shows the activ-
ity and integrity of astrocytes [94, 95].  The con-
centration of Cr is generally considered to be 
constant over time and across diseases, making 
it a reference value upon which the other values 
are normalized.  Studies have found that NAA/
Cr levels are reduced in the temporal and parie-
tal lobes of AD patients [96-98] and are corre-
lated with AD pathology [99], indicating neu-
ronal damage and degeneration.  These studies 
also found increased mI/Cr levels in the tempo-
ral, frontal and parietal lobes, suggesting that 
there is inflammation of glial cells and possibly 
demyelination. 
 
Phosphate MRS (31P-MRS) has less sensitivity 
than 1H-MRS, but provides complementary data, 
primarily detecting metabolites involved in 
higher energy metabolism, such as ATP and 
phosphocreatine (PCr), and lipid metabolism 
[94].  As such, it is commonly used for imaging 

muscles and the liver.  Nonetheless, 31P-MRS 
studies have found that PCr and inorganic phos-
phate levels increase with the degree of AD se-
verity, seemingly correlating with the amount of 
Aβ plaques [100].  AD subjects were also re-
ported to have higher levels of phosphomono-
esters (PMEs) compared to age-matched con-
trols [101]; this is in direct contrast with normal 
aging, where PME decreases with age and phos-
phodiesterases (PDEs) increase.  Interestingly, 
as AD progresses, the same pattern is seen with 
PME dropping and levels of PDE growing.  As 
PME indicates the amount of “membrane build-
ing block” available whilst PDEs indicated mem-
brane breakdown, and consequently neuronal 
degeneration [101, 102], Pettegrew et al. [101] 
proposed that this early peak in PME marked an 
early abnormality in membrane metabolism, 
followed by rapid neurodegeneration.  The main 
drawback of 31P-MRS is its low sensitivity and 
consequent specificity due to the need for larger 
voxels, but this can be addressed with higher 
field scanners [94].  Mandal et al. [102] also 
proposed a new approach to obtain better val-
ues of 31P metabolites. 
 
Like other neuroimaging techniques, MRS has 
been found to be effective in predicting MCI 
conversion to AD.  Metastasio et al. [103] found 
that MCI subjects that converted to AD had a 
significantly lower NAA/Cr ratio than both con-
trols and non-converting MCI subjects in the left 
hemisphere only.  A longitudinal study [104] 
found decreasing levels of NAA/Cr in the poste-
rior cingulate gyrus in AD as well as all MCI com-
pared to normal controls, whilst Cho/Cr levels 
dropped for non-converting MCI compared to 
converting MCI and normal controls, suggesting 
that there may be a compensatory mechanism 
in non-converting MCI.  Autopsy results from 
DeKosky et al. [105] appear to confirm this the-
ory as they found an upregulation of choline 
acetyltransferase in some MCI patients com-
pared to controls and AD subjects. 

 
Susceptibility weighted imaging 
 
Susceptibility weighted imaging (SWI) is a fully 
velocity-compensated 3D gradient-echo se-
quenced MRI technique that produces high con-
trast images of magnetically susceptible sub-
stances.  Highly susceptible tissues, such as 
those which contain iron products, appear much 
darker on SWI images than conventional T2 or 
T2*W images, as shown in Figure 4.  This allows 
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for easier detection of iron deposition in the 
brain, which has long been associated with AD 
[89], with many potential treatments involving 
the chelation of iron.   
 
Normal elderly controls also display increased 
iron deposition compared to younger controls, 
but mouse studies have shown that there is a 
difference in the pattern of the deposits; iron 
products were deposited diffusely for normal 
mice, whereas they were localized to Aβ plaques 
in AD model mice [106].  These results have not 
yet been replicated in humans; however, mi-
croscopy using SWI techniques have been able 
to clearly visualize Aβ plaques ex vivo, suggest-
ing that the higher susceptibility associated with 
the plaques may be due to localized iron deposi-
tion [107].  Chamberlain et al. [108] stated that 
SWI produced the greatest contrast in ex vivo 
APP/PS1 mice for Aβ plaques, although it was 
not particularly effective in vivo as the small size 
of the brain introduced too many susceptibility 
interfaces.  It is also because of these suscepti-
bility interfaces that the temporal lobe and corti-
cal areas in humans are difficult to analyze us-
ing SWI.  One of the other issues with SWI is 
that there is no current method of quantitatively 
analyzing the images.  All analysis at present is 
qualitative, and measures such as size of iron 
deposit are difficult to determine. 

 
Multimodality studies 
 
Each of the neuroimaging methods described 
thus far have been successful in differentiating 
MCI or AD patients from normal controls to a 

certain extent, but until recently, relatively few 
studies had been conducted combining these 
modalities.  This appears to be unjustified, as 
Jack Jr et al. [109] combined the use of struc-
tural MRI and PiB-PET, and found that the two 
modalities provided complementary data which 
improved clinical classification such that it was 
superior to using either modality individually.  In 
recent years, however, large scale multimodal 
studies using MRI, PET, DTI and SWI such as the 
Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) and the Australian Imaging Biomarkers & 
Lifestyle Flagship Study of Aging (AIBL) have 
become increasingly popular, with participation 
from institutions around the world. 

 
Neuroimaging studies in animal cohorts 
 
Mouse models of AD 
 
Mouse models are an ideal mammalian model 
for transgenic studies as they are inexpensive, 
convenient to rear and handle, have a known 
genome, and have a short lifespan.  For AD, the 
transgenic lines produced in mice mainly target 
APP, and PS1 and 2 [48, 49, 110-115].  Trans-
genic mice are produced by either inserting mu-
tant transgenes observed in human AD pa-
tients, or by performing gene knockouts using 
the homologous recombination technique.  The 
first transgenic mice were single transgenic ani-
mals, with either APP or PS1/2 as a target [111, 
112].  APP knockout, PS1 knockout and trans-
genic lines with human mutant forms inserted 
were developed rapidly in the last two decades, 
such as PDAPP [110], Tg2576 [113], APP23 
[114], and APPSwDI [115], all of which carry a 
human APP mutation.   
 
Different mouse models have different levels of 
gene expression, amyloid deposition, and neu-
ronal loss, making them perfect for targeting a 
specific feature of AD and deriving its function.  
APP knockouts demonstrated neuronal deficits 
in the form of lower motor activity, spatial learn-
ing deficits and decreased synaptic plasticity in 
the hippocampus [111, 116].  PDAPP mice, 
which overexpress the human FAD mutant APP, 
show similar behaviour [110], suggesting that 
APP may be important in neuronal development, 
though this was seen only in a subpopulation.  
Other APP transgenic mice have also displayed 
behavioural and hippocampal deficits, as well 
as Aβ deposits, unlike APP knockout mice [113-
115].  Of these, however, only APP23 showed 

Figure 4.  Use of A) T2-weighted and B) susceptibility 
weighted imaging (SWI) in the same patient with cere-
bral amyloid angiopathy.  It can be seen that SWI is 
better at detecting the microhemorrhages due to the 
contrast provided by the phase difference of iron and 
other tissues.   
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severe neuronal loss [114], similar to human 
patients.  PS1 knockout mice are not viable 
[117], but PS1 transgenic mice using human 
mutant PS1 transgenes are successful and 
have demonstrated an increase in Aβ produc-
tion [118-120], indicating that PS1 plays a role 
in APP cleavage.   
 
Whilst these single transgenic mouse models 
are useful, some consider the onset of pathol-
ogy to occur too late, so double transgenic mice 
have been developed, where two mutations are 
included in a single mouse model.  These mice 
also display a more AD-like phenotype [119-
122], with large amounts of Aβ plaques depos-
ited earlier than single transgenic mice.   
 
Critics of transgenic animal models argue that 
whilst specific aspects of AD can be targeted, 
this does not replicate the full AD neuropathol-
ogy seen in humans [123, 124].  This has been 
somewhat rectified by Colton et al. [125], who 
developed two new models that are APPSwDI 
and APPSw on a nitric oxide synthase 2 (NOS2) 
background.  They found that these mice 
showed a pathological progression very similar 
to that of AD in humans, starting with Aβ deposi-
tion and developing into neurofibrillary tangles, 
neuronal death and behavioural deficits.  NO is 
therefore suggested to be a protective agent 
against AD pathology, particularly neuroinflam-
mation, though the mechanism is not yet identi-
fied.  
 
Another criticism of transgenic animal models is 
that they are derived from mutations mostly 
found in patients with FAD.  No transgenic 
mouse model has been developed to replicate 
the progression of late-onset sporadic AD, which 
is far more prevalent than FAD.  However, there 
are non-transgenic mouse models, such as the 
senescence-accelerated prone mouse strain 8 
(SAMP8), which show cognitive deficits as a 
result of age, similar to late-onset sporadic AD 
[126].  These mice display the same Aβ patholo-
gies, as well as the formation of neurofibrillary 
tangles and subsequent damage to the hippo-
campus [126, 127], and are arguably better 
models for AD.   
 
Neuroimaging studies have been conducted on 
many of these mouse models, using similar 
techniques as those used in human studies.  As 
mouse brains are smaller than human brains, 
some studies require higher powered MRI ma-

chines, such as 7T instead of 1.5 or 3T com-
monly used for human cohorts.  Nevertheless, 
the results produced are comparable. 
 
Structural MRI 
 
The challenge of using structural MRI in mouse 
models is the high resolution required, particu-
larly for finding Aβ plaques, which require slice 
thicknesses of less than 100μm; human MRI 
scans usually have a slice thickness of 1mm.  It 
has been attempted by various groups [128, 
129], but problems with long scan times or low 
signal intensity have rendered the techniques 
impractical for in vivo use.  Some studies have 
reported success [130, 131] with imaging Aβ 
plaques in vivo in the APP/PS1 mouse model, 
with Braakman et al. performing scans at two 
month intervals, one of the only longitudinal 
neuroimaging studies in mice [131].  Chamber-
lain et al. [108] attempted to optimize the proc-
ess using ex vivo procedures to find the best 
scanning protocol.  They found that average 
multiple echoes were better than fast spin echo 
techniques, and that any movement or blurring 
would greatly deteriorate plaque imaging as the 
plaques are smaller than the voxel size.  In con-
trast, plaques in mouse thalami can be imaged 
with faster, lower resolution sequences, as tha-
lamic plaques are larger than cortical and hip-
pocampal plaques [132]. 
 
Most other studies using MRI in mouse models 
are ex vivo.  Fixed slices of APP/PS1 mouse 
brain were scanned using a T2W protocol in a 
7T scanner [133-135].  It was found that areas 
of hypointensity matched the areas of Aβ depos-
its found in histologically stained mouse brains, 
and that neuroimaging was a viable method for 
monitoring treatment efficacy. 
 
Yang et al. [136] looked at morphometry in 
rTg4510, a tau transgenic mouse model, and 
wild type mice.  They found that the transgenic 
mice had severe atrophy in the neocortex and 
hippocampus, as well as enlarged ventricles.  
They concluded that MRI was a useful tool for 
comparing treatment responses between hu-
mans and mice. 
 
PET studies 
 
PET studies in mice have yielded disappointing 
results, due to the small size of mouse brains.  
18F-FDG and 18F-FDDNP, another Aβ probe, were 
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found to be no different between Tg2576 mice 
and wild type mice [137].  They concluded that 
this was due to the limited spatial resolution of 
PET, as well as partial volume effects made 
worse by the small subject.   On the other hand, 
microPET scanners have been found to be ef-
fective in imaging rat and mouse brains [138].  
Kepe et al. scanned a triple transgenic rat 
model with Aβ deposition using 18F-FDDNP and 
found that there was Aβ binding in the frontal 
cortex and hippocampus [138], although other 
studies still reported no significant binding ef-
fect seen in mouse models with PiB [139].  To-
yama et al. concluded that although there was 
good uptake of PiB, there was little to no Aβ 
plaque binding seen, and that this may be due 
to smaller amounts of Aβ binding sites com-
pared to human subjects [139].   
 
Although Aβ probes show conflicting results, 
other tracers may still be used to test other 
processes.  One such tracer, 11C-PK11195, 
binds to activated microglia, which was shown 
to surround extracellular amyloid in histological 
studies [140].  However, the role of activated 
microglia is under dispute, with some stating 
that they trigger cell death [141] and others 
suggesting that they actually clear the brain of 
amyloid [142, 143].  Due to its association with 
AD, as well as its unknown function within AD 
pathology, using a microglia tracer can provide 
further insight into its role in addition to using it 
as a potential AD biomarker in mice where Aβ 
probes have failed.  Venneti et al. [144] found 
that 11C-PK11195 binding in both human and 
transgenic APP/PS1 mice matched the pres-
ence of activated microglia seen in immunohis-
tolochemical results.  However, they raise the 
concern that transgenic models of AD are not 
representative enough of AD, as different de-
grees of binding to astrocytes were seen in their 
results.   
 
DTI 
 
As in human studies, DTI has been found to be 
effective in monitoring white matter disintegra-
tion and the loss of myelin in transgenic mice.  
Song et al. [145] described their findings of 
lower relative anisotrophy in old PDAPP mice 
compared with old wild type mice, whilst there 
was no change between young PDAPP mice and 
young wild type mice.  They concluded that mye-
lin damage occurs later in AD progression, after 
Aβ deposition.   

As mentioned before, DKI has been shown to 
characterize microstructural changes in grey 
and white matter.  Initial testing of the tech-
nique was conducted on normal rats and mice.  
Wu et al. [90] documented several studies they 
conducted on rats using DKI to assess the clini-
cal applications.  They concluded that DKI is 
indeed able to better describe water diffusion in 
complex living cell environments, with much 
greater sensitivity than traditional DTI.  Future 
studies could use DKI in various transgenic 
mouse models to provide more insight on the 
cellular changes in AD. 
 
MRS 
 
MRS findings in mouse models, specifically 
APP/PS1 and Tg2576 mice, were similar to 
those found in human studies [146-148], where 
NAA/Cr levels were lower in afflicted mice com-
pared to wild type, and mI/Cr increased over 
age for APP/PS1 mice which was not seen in 
wild type mice.  Like structural MRI, the main 
drawback for using mouse models in MRS is the 
requirement for high resolution scanning to re-
duce the signal-to-noise ratio; Jack Jr et al. 
[148] used a 9.4T scanner for their MR 
‘microimaging’ and 1H-MRS of their mouse sub-
jects.  However, the benefits of using mouse 
models in MRS are that their results strongly 
match those seen in humans and can be used 
for longitudinal studies that are considerably 
shorter than those in human cohorts.  As a re-
sult, drug development studies would benefit 
highly from using mouse models and MRS as 
they are faster, cheaper, and model human 
metabolic processes well.   
  
Conclusion 
 
AD is a complex and mysterious disease that is 
already becoming a cause for concern globally 
due to its lack of cure and the specialized care 
required to help patients maintain a functional 
lifestyle.  Research efforts are highly varied; 
from looking into the molecular basis to under-
stand its mechanisms and develop drugs based 
on these findings, to looking for macroscopic 
signs in diagnosis and disease progression.  The 
use of neuroimaging with AD animal models 
provides a way to combine these efforts.   
 
The use of neuroimaging in humans is very dif-
ferent from that in mouse models.  Tables 1 and 
2 provide a summary of current neuroimaging 
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techniques used to detect various AD patholo-
gies in humans and mouse models, respec-
tively.  As previously described, human MRI 
studies tend to use lower resolution and field of 
view to encompass the entire brain.  This is also 

done in order to reduce scanning times of pa-
tients.  In mouse models, the mice are anesthe-
tized, and can be scanned for far longer than 
would be practical for humans, up to 24hrs.  
The scope of human studies in structural MRI is 

        

Alzheimer’s disease pathology 

Aβ plaques NFT WM 
defects 

GM 
defects 

Metabolic 
changes 

Vascular impairment 
Atrophy 

Iron Deposition Flow 

Structural MRI X           
18F-FDG-PET              
PiB-PET              

Other PET 
 

(18F-FDDNP, 
18F-AV45) 

 
(18F-FDDNP) 

          

HMPAO SPECT                
ASL                
DTI              
DKI             
MRS              
SWI X              

Acronyms: MRI = magnetic resonance imaging; FDG = fluorodeoxyglucose; PET = positron emission tomography; PiB = Pittsburgh 
compound-B; HMPAO = Tc-exametazime; SPECT = single photon emission computed tomography; ASL = arterial spin labeling; DTI = 
diffusion tensor imaging; DKI = diffusion kurtosis imaging; MRS = magnetic resonance spectroscopy; SWI = susceptibility weighted 
imaging; Aβ = beta-amyloid; NFT = neurofibrillary tangles; WM = white matter; GM = grey matter. 

Table 1. Current uses of neuroimaging techniques for imaging AD pathology in vivo in human cohorts ( 
indicates successful visualization of pathology, X indicates unsuccessful) 

 

      

Alzheimer’s disease pathology 

Aβ plaques Neurofibrillary 
tangles 

WM de-
fects 

GM 
defects 

Metabolic 
changes 

Vascular 
impairment 

(Flow) 
Atrophy 

Structural MRI APP/PS1           rTg4510 
18F-FDG-PET         X     
PiB-PET X             

18F-FDDNP-PET Triple transgenic 
rat 

Triple transgenic 
rat           

SPECT               
ASL           Tg2576   
DTI     PDAPP         

DKI     Normal 
mouse 

Normal 
mouse       

MRS         rTg4510     
SWI APP/PS1             
Acronyms: MRI = magnetic resonance imaging; FDG = fluorodeoxyglucose; PET = positron emission tomography; PiB = 
Pittsburgh compound-B; SPECT = single photon emission computed tomography; ASL = arterial spin labeling; DTI = 
diffusion tensor imaging; DKI = diffusion kurtosis imaging; MRS = magnetic resonance spectroscopy; SWI = suscepti-
bility weighted imaging; Aβ = beta-amyloid; WM = white matter; GM = grey matter. 

Table 2.  Use of various neuroimaging techniques for imaging AD pathology in vivo and in vitro in mouse 
models (mouse model name indicates successful visualization of pathology within that model, X indicates 
unsuccessful) 

 



Neuroimaging and animal models in AD  

 
 
397                                                                                          Am J Nucl Med Mol Imaging 2012;2(3):386-404 

to look for macroscopic changes, such as corti-
cal atrophy, to act as biomarkers and measures 
with which to monitor disease progression and 
drug efficacy.  In mouse models, we look for 
microscopic features, particularly Aβ plaques, 
for similar effect but with more emphasis on the 
molecular mechanisms that cause AD.  This is 
not to say that looking for Aβ plaques in humans 
is not of interest; PiB-PET and 18F-AV-45-PET 
were made to look for Aβ in human brains.  
However, due to the size of Aβ deposits, it is not 
yet practical to use structural MRI to visualize 
them in human cohorts.  In this sense, mouse 
models can provide the necessary data, as their 
Aβ deposits can be monitored over time using 
MRI.  With a mouse model that adequately 
simulates AD pathology, MRI can then be used 
to determine the effects of treatment on Aβ 
plaques, within mice.   
 
Unfortunately, microPET results have been 
largely unsuccessful in finding a tracer that 
binds to Aβ plaques in mice as effectively as in 
humans.  Perhaps more distressing is the impli-
cation that this may be due to an inherent dif-
ference between human AD and mouse models 
of AD.  As discussed before, most transgenic 
mouse models are derived from FAD mutations 
and may not be applicable to late-onset AD.  An 
example of this can be seen in amyloid vaccina-
tion studies, where no serious adverse effects 
were seen in mouse models, but which resulted 
in meningoencephalitis for humans [149-152].  
In light of this, naturally aged non-human pri-
mates are being used as a better model of hu-
man AD, both to determine the mechanism of 
these complications and to test other treat-
ments [153]. 
 
Overall, the main disadvantages of using mouse 
models in AD research and neuroimaging are 
that they are sometimes too small to scan prop-
erly, as seen in the PET studies, and that the 
findings obtained from mice are not necessarily 
transferrable to humans.  The definitive cause 
of AD has yet to be found, but it is clear that it 
involves interactions between several compo-
nents, not the single aspect that many trans-
genic mouse models provide.  The question re-
mains as to whether or not mouse models can 
completely replicate the neuropathological pro-
gression of AD.  However, these are issues for 
all animal models, even non-human primates.   
 
Despite the disadvantages, animal models can 
still be useful in determining the mechanism of 

AD pathogenesis.  Indeed, de la Torre’s CATCH 
hypothesis [33] was derived from their studies 
of mice undergoing chronic brain hypoperfusion.  
Testing MRI protocols on mouse models can 
also help develop these concepts for human 
scanning later on, as demonstrated by Cham-
berlain et al. [108].  They were able to deter-
mine that fast spin echo techniques were not as 
good as average multiple echoes and that SWI 
provided the best contrast for visualizing Aβ 
plaques in mouse models.  In fact, they believe 
that SWI may be implemented more effectively 
in human cohorts as the larger brain size re-
duces the amount of susceptibility interfaces 
that interfere with the image, as well as the fact 
that human Aβ plaques contain more iron than 
APP/PS1 mice [120], creating even greater con-
trast.   
 
To conclude, the use of mouse models is still 
beneficial in AD research, particularly for neuroi-
maging.  They are cheap to maintain, have short 
lifespans so symptoms appear faster, are much 
more consistent than humans, and can target a 
single aspect of AD.  Even if this aspect may not 
be transferrable to humans, it is still useful to 
form a hypothesis first, based on cellular and 
molecular findings, before expanding and test-
ing it on more complicated models.  They can 
also be used to test new treatments, using simi-
lar neuroimaging techniques that could be 
transferred to human studies in future. 
 
Neuroimaging is a versatile tool in itself for de-
tecting macroscopic, and potentially micro-
scopic, changes in diseased brains.  With the 
increase in longitudinal, large-scale, multimodal 
initiatives such as ADNI and AIBL, the search for 
a new biomarker that can be monitored nonin-
vasively is only just beginning in earnest.  This 
search can be aided when combined with the 
molecular knowledge obtained from animal 
studies, as well as complementary neuroimag-
ing information that cannot be tested in hu-
mans. 
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