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Purpose: Amyloid deposition in the brain is considered an ini-
tial event in the progression of Alzheimer’s disease. We

hypothesized that the presence of amyloid plaques in the brain
of APP/presenilin 1 mice leads to higher diffusion kurtosis
measures due to increased microstructural complexity. As

such, our purpose was to provide an in vivo proof of principle
for detection of amyloidosis by diffusion kurtosis imaging

(DKI).
Methods: APPKM670/671NL/presenilin 1 L166P mice (n¼5) and
wild-type littermates (n¼5) underwent DKI at the age of 16

months. Averaged diffusion and diffusion kurtosis parameters
were obtained for multiple regions (hippocampus–cortex–thala-
mus–cerebellum). After DKI, mice were sacrificed for amyloid

staining.
Results: Histograms of the frequency distribution of the DKI

parameters tended to shift to higher values. After normaliza-
tion of absolute values to the cerebellum, a nearly plaque-free
region, mean, radial, and axial diffusion kurtosis were signifi-

cantly higher in APP/presenilin 1 mice as compared to wild-
type in the cortex and thalamus, regions demonstrating sub-

stantial amyloid staining.
Conclusion: The current study, although small-scale, suggests
increased DKI metrics, in the absence of alterations in diffu-

sion tensor imaging metrics in the cortex and thalamus of
APP/presenilin 1 mice with established amyloidosis. These

results warrant further investigations on the potential of DKI as
a sensitive marker for Alzheimer’s disease. Magn Reson Med
69:1115–1121, 2013. VC 2013 Wiley Periodicals, Inc.
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The complex progression of Alzheimer’s disease (AD)
involves interaction of different pathological cascades,
including accumulation of amyloid-b (Ab) and hyper-
phosphorylation of tau protein leading to the formation
of Ab-plaques and intracellular neurofibrillary tangles
respectively. Together with associated processes such as
inflammation and oxidative stress, these cascades con-
tribute to loss of synaptic integrity and progressive neu-
rodegeneration, eventually resulting in cognitive deficits
in patients. In 2010, worldwide 36 million people
suffered from dementia and the majority have AD, a
striking figure that is predicted to almost quadruple by
2050 (1–3).

Despite huge investments of resources to develop and
validate clinical biomarkers of AD, potential biomarkers
all have their shortcomings and none is adequate enough
for effective diagnosis of AD. Moreover, postmortem
histopathological analysis demonstrating Ab-plaques in
the brain remains the gold standard for accurate and
final diagnosis of AD.

As Ab accumulation and the subsequent formation of
Ab-plaques starts at the early phase of the disease (4)
many of the biomarker approaches are based on the early
detection of Ab-peptides and/or Ab-plaques.

Detection of Ab40-, Ab42-peptides and their respective
ratio in the cerebral spinal fluid has been proposed for
clinical diagnosis of AD. Indeed, it has been shown that
the cerebral spinal fluid concentration of Ab42—the
main constituent of Ab-plaques—decreases upon devel-
opment of brain plaques. The down side of this approach
is the invasive nature of the cerebral spinal fluid collec-
tion procedure (5).

In addition, various neuro-imaging tools have been

proposed for noninvasive monitoring of Ab-load. Vari-

ous radio-tracers have been developed and claim to

selectively bind to Ab-plaques (11C-PiB-PET (6,7), 18F-

florbetapir (AmyvidVR )-PET (8,9), 18F-florbetaben (BAY

949172-PET) (10)). Despite these recent advances in

PET-imaging of AD, most radioligands are not ideal for

quantification due to low signal-to-noise ratio, nonspe-

cific binding or unfavorable kinetics, and radiation

burden.
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Magnetic resonance imaging (MRI) is another imaging
technique which in contrast to PET relies on intrinsic
tissue contrast generation. Furthermore, MRI combines
high spatial resolution with superior soft tissue contrast.
MRI volumetry, a gold standard measurement in demen-
tia (11), has proven-value to detect brain atrophy, how-
ever, brain atrophy represents the final stages of AD
when irreversible damage and clinical symptoms have
already manifested.

So far, two strategies have been followed using MRI for
amyloid detection in AD: a first approach involves the
application of contrast enhancing agents that specifically
bind to Ab-plaques in mouse models (12). A second meth-
odology is dependent on the detection of Ab-plaque related
susceptibility artifacts in both mouse models (13–15) and
humans (16). Although promising, the latter approach
showed no irrevocable success and is not specific enough.

In this study, we explored the use of diffusion kurtosis
imaging (DKI) as a novel, noncontrast dependent tool for
detection of amyloidosis in APP/presenilin 1 (PS1) trans-
genic mice.

DKI, as any other diffusion-weighted (DW) MRI-
method, measures diffusion-driven displacements of
water molecules which bounce off, interact with or cross
many ultrastructural boundaries, such as cell and organ-
elle membranes and macromolecules in and out the cell.
These interactions impede the movement of the water
molecules and the actual diffusion distance will be
reduced as compared with that of free water. Conse-
quently, the displacement distribution is no longer Gaus-
sian. Considering that DKI takes into account the non-
Gaussianity of diffusion in biological tissues (17), it
reflects better the genuine characteristic of diffusion in
the brain as compared to conventional diffusion tensor
imaging (DTI) (18–20). Recent DKI-studies in rat have
illustrated many advantages of DKI to reveal changes in
microstructural complexity of the brain in Huntington’s
disease (21), in a cortical impact injury model (22), in a
chronic mild stress model (23), in a stroke model (24)
and experimental ischemia (25).

In the present study, we have hypothesized that the
presence of extracellular Ab-plaques adds up to the com-
plexity of the brain on a microstructural level. Given the
fact that DKI offers more information compared to
conventional DTI to detect changes in microstructural
complexity, DKI might be able to detect Ab-plaque-
related increased microstructural complexity.

To this end, DKI measurements were performed in old
APP/PS1 mice. The APP/PS1 transgenic mouse model is
a well-documented model of cerebral amyloidosis. These
mice start to develop Ab-plaques from the age of
2 months, which cover the whole cerebrum from the age
of 8 months onwards. APP/PS1 mice do not display tau-
pathology or global neurodegeneration, however, the ro-
bust cerebral amyloidosis in APP/PS1 mice shows simi-
lar progression to that of AD patients (26). In the current
study, DKI was explored in 16-month-old APP/PS1 mice.
At this age, the mice should have massive cerebral amy-
loidosis covering the whole cerebrum (26,27). The use of
such a robust model of amyloidosis is ideal to demon-
strate proof of principle for detection of Ab-plaques by
DKI.

METHODS

Animal Model for AD

APP/PS1 transgenic mice co-expressing hAPP harboring
the Swedish double mutation KM670/671NL and PS1
carrying the L166P mutation were compared to wild-type
(WT) littermates at the age of 16 months (per group
n¼ 5) (26). All animal procedures and husbandry were
performed in accordance with the European Commun-
ities Council Directive (86/609/EEC) and approved by
the Committee on Animal Care and Use at the University
of Antwerp.

Diffusion Kurtosis Acquisition and Analysis

DKI was conducted on a 9,4T MRI system (Bruker
Biospec, Ettlingen Germany). Mice were anaesthetized
using isoflurane (1.5–2%) and monitored to maintain
constant physiological parameters. The DKI protocol
included the acquisition of seven non-DW images and
210 DW images with the use of seven b-values (400, 800,
1200, 1600, 2000, 2400, and 2800 s/mm2) and 30 noncol-
linear diffusion gradient directions. Images were
collected with a multislice two-shot SE-EPI sequence
(pulse repetition time/echo time¼7500/24 ms, d¼ 5 ms,
D¼ 12 ms, acquisition matrix¼ 96 � 64, zero filled to
128 � 64, spatial resolution: (150 � 200 � 500) mm3,
NEX¼ 4). The DKI model was voxel-wise fitted to the
normalized DW images to allow a more accurate descrip-
tion of the Gaussian, as well as the non-Gaussian
diffusion of water molecules (28). The DKI tensors were
assessed using weighted least squares estimators, which
quantify the apparent diffusion coefficient and the devia-
tion from Gaussian diffusion (17,29). From the tensor
information diffusion parametric maps were computed
using Matlab routines (The Mathworks Inc., Natick, MA)
[fractional anisotropy, axial- (AD), radial- (RD), and
mean-diffusivity (MD)] as well as additional diffusion
kurtosis parameters [mean- (MK), axial- (AK), and radial-
kurtosis (RK)]. Regions-of-interest (ROI) were delineated
in AMIRA (Mercury Computer systems, San Diego) based
on grey values of b0 images and were verified on frac-
tional anisotropy and mean-diffusivity maps to minimize
partial volume effects.

Averaged diffusion and diffusion kurtosis parameters
were obtained for multiple regions (somatosensory cortex
(ctx, average of five slices), hippocampus (hip, average of
three slices), and thalamus (thal, average of two slices).
In addition, regional values of each parameter were also
expressed as a ratio to the cerebellum (cbll) (parameters
are indicated with a prefix “r” e.g.: rMK). Figure 1 illus-
trates the ROI selection as delineated according to the
Paxinos Mouse Brain Atlas (30) for the various brain tis-
sues, covered in multiple coronal slices. DKI metrics
were presented graphically both as histograms (0.01
bins) and mean absolute values as relative ratio’s to the
cerebellum reference region.

Amyloid Plaque Quantification

After DKI acquisition, APP/PS1 mice were sacrificed for
histopathological evaluation of amyloid plaque load.
Two 4-mm thick serial sections were stained with 1%
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thioflavin S (Sigma), followed by differentiation in 70%
ethanol. All sections were stained simultaneously and
no antigen retrieval or counter staining was performed.
Images were acquired on an Axiovert 200M fluorescent
microscope (Carl Zeiss, Zaventem, Belgium), using iden-
tical excitation and camera exposure settings. Overlap-
ping images comprising the complete brain were acquired
at 10� magnification. Stitching of the images was per-
formed with the MosaiX module from Zeiss Axiovision
software, resulting in single TIF images (pixel size 1.3
mm) that were exported and further analyzed in ImageJ
(31). The different brain regions were outlined according
to a mouse brain atlas (30) and saved as ImageJ ROI files.
A custom made ImageJ analysis script was used to
measure the tissue area and the area covered by amyloid
plaques in batch for all brain regions on all images. The
tissue area was segmented by separating tissue ruptures
and background with the imageJ “Huang” intensity
thresholding method. The plaque area was detected by in-
tensity thresholding with the “Triangle method” and
“Analyze particle” command. The resulting segmented
regions were checked visually afterwards. The percentage
amyloid plaque load was obtained by dividing the plaque
area by the tissue area in each region.

Statistics

Results are expressed as mean6S.E.M., (n¼5 DKI (APP/
PS1 and WT); n¼3 histology (APP/PS1 only). A geno-
type effect (APP/PS1 mice versus WT littermates) was
assessed for all DKI parameters using a nonparametric
Mann Whitney U test with significance level P¼ 0.05
(SPSS 16.0, SPSS Inc., Chicago)

RESULTS

Amyloid plaque load of the APP/PS1 mice was evaluated
by thioflavin S staining which revealed regional differen-
ces in amyloid load (Fig. 2). The highest amyloid plaque
load (expressed as percentage volume per tissue volume)
was observed in the thalamus (1.776 0.20) followed by
the cortex (1.456 0.12). The cortical value is higher than
the hippocampal value (1.1260.19), whereas the cere-

bellum has a negligible amount of amyloid (0.0860.02).
DKI parameters were assessed in specific ROIs repre-
sented in Figure 1. ROI analysis was performed for the
hippocampus, the thalamus and the cortex, delineated
according to the Paxinos Mouse Brain Atlas (30).

For the diffusion kurtosis parameters, no significant
differences were demonstrated when comparing mean
absolute values of transgenic APP/PS1 with WT mice.
Although histogram representation suggested a shift of
mean-kurtosis, radial-kurtosis, and axial-kurtosis in the
thalamus and cortex region towards higher diffusion
kurtosis values (Fig. 3). This was not the case for the
hippocampus and the cerebellum, where the diffusion
kurtosis distributions of the APP/PS1 and WT group
overlap. When diffusion kurtosis parameters were nor-
malized to the nearly plaque-free cerebellum reference
region, rMK, rRK, and rAK of both thalamic and cortical

FIG. 1. Illustration of ROI delineation of the
hippocampus, the thalamus and the cortex
according to the Paxinos Mouse Brain

Atlas overlaid on six consecutive non-DW
images (500-mm thickness). Colour codes:
hippocampus: green, thalamus: blue, cor-

tex: yellow).

FIG. 2. Regional amyloid load of brain sections (n¼3) stained with
thioflavin S. Plaque area versus tissue area is expressed as mean

amyloid load percentage 6S.E.M. for each region (cbll¼ cerebel-
lum, hipp¼hippocampus, ctx¼ cortex, and thal¼ thalamus). A

regional difference in the amyloid plaque load is shown.
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FIG. 3. Histograms show frequency distributions (percentage) of diffusion kurtosis values (bin size 0.01) per ROI for three diffusion kurto-
sis parameters. For the thalamus and the cortex, the histograms of the APP/PS1 are shifted to higher kurtosis values. Histograms for
APP/PS1 and the WT are overlapping for the cerebellum and the hippocampus. Bar graphs display absolute DKI values. Data are pre-

sented as mean6S.E.M.; WT n¼5; APP/PS1 n¼5).
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regions differed significantly from the values obtained in
WT mice (Fig. 4): rMK, rRK, and rAK were significantly
elevated in the APP/PS1 group (cortex P¼ 0.004,
P¼ 0.008, P¼ 0.009 and thalamus P¼ 0.016, P¼ 0.046,
P¼ 0.042 respectively). For the diffusion parameters
(mean-diffusivity, radial-diffusivity and axial-diffusivity),
both expressed as mean absolute value or relative ratio’s,
no genotype differences were observed in any of the
analyzed region.

DISCUSSION

DKI as a Measure for Ab-Plaque-Induced Increased
Microstructural Complexity

This current study reports increased DKI metrics in the
cortex and thalamus of APP/PS1 mice whereas no altera-
tions in DTI parameters were observed. These results are
in line with the hypothesis that Ab-plaques add to the
microstructural complexity of the brain and with a previ-
ous observation from Falangola et al. (32) using DKI in ex
vivo formalin-fixed brains of 20 month old APP/PS1
mice. Although formalin-fixed brains might be less favor-
able to study water diffusion in physiological circumstan-
ces, such study can target the brain anatomy at the
ultrastructural level. Furthermore, since no changes could
be picked up with conventional DTI parameters, our
results confirm the added value of DKI compared to DTI
to scrutinize pathologies affecting the microstructure in

gray matter, whereas DTI has rather proven-value to study
white matter changes in mouse models for AD (33,34).

Regional Differences in Plaque Load and DKI

The APP/PS1 mouse that we used in the current study
provides a robust model of cerebral amyloidosis. Interest-
ingly, the region-dependent pattern of progressive Ab

pathology in the APP/PS1 mice is similar to that
described in AD patients (26). At the time point of the
DKI acquisition the amyloid pathology was pronounced
in the cortex, thalamus, and hippocampus whereas the
cerebellum remained virtually plaque-free (Fig. 2). This
distinct regional pattern of Ab-plaques within the cere-
brum allows for interpretation of the DKI data in the
context of amyloid burden.

As anticipated, all DKI parameters (rMK, rRK, and rAK)
were significantly increased in the cortex and thalamus,
however, the hippocampus showed no increased diffu-
sion kurtosis metrics despite the presence of a substantial
amyloid load. The latter might be related to a different
interaction between Ab-plaques and neurons in the hip-
pocampus compared to the thalamus or cortex. Indeed, it
has recently been shown by histopathological evaluation
that in the hippocampus of 17 months old APP/PS1 mice
there was significant local neuron loss in the vicinity of
Ab-plaques (27), whereas this phenomenon was not
observed in the cortex. We speculate that the local loss of
neurons in the hippocampus might counterbalance the

FIG. 4. Bar graphs represent diffusion kurtosis and diffusion parameters expressed as ratio to the cerebellum (‘r’ prefixed, MK¼mean

kurtosis, RK¼ radial kurtosis, AK¼ axial kurtosis, MD¼mean diffusion, RD¼ radial diffusion, AD¼ axial diffusion, hipp¼hippocampus,
ctx¼ cortex, and thal¼ thalamus). Data are expressed as mean6S.E.M., n¼5, significant group effects: *P<0.05 and **P<0.01.
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increased diffusion kurtosis caused by Ab-plaques. In the
cortical regions Rupp et al. showed a different situation.
Cortical neurons in the vicinity of Ab-plaques appeared
to be displaced, forming neuronal dense boundary around
the Ab-plaques instead of neuronal loss.

The different behavior of the DKI metrics in the hippo-
campus in response to amyloid plaque load demonstrates
that DKI results in general should be interpreted with
caution. Based on the current results DKI shows potential
to detect amyloidosis, although not only the amount of
amyloid influences the diffusion kurtosis but also
associated processes such as neurodegeneration, neuroin-
flammation (21,22,35), or ageing (35) might affect DKI
metrics as well.

Ratio to the Cerebellum

Although the histogram representation suggested a shift
of DKI parameters to higher values in the cortex and the
thalamus of APP/PS1 mice, no significant changes in
absolute values were observed. This absence of statistical
difference might be related to relatively high intersubject
variability in combination with a low n-number. Interest-
ingly, after normalization to the virtually plaque free
cerebellum, DKI metrics reached significant difference in
the cortex and thalamus. Similarly, the majority of the
PET-amyloid imaging studies in AD (in human and ani-
mal studies) also report target-to-cerebellar retention
ratios (36). Whether the normalization procedure applied
in the current study might be of clinical value cannot be
extrapolated from this current study with a limited
sample size. Further exploration and validation of this
ratio strategy in preclinical or clinical studies with larger
sample size would definitely be interesting.

DKI as Early Marker for AD?

Nowadays, MRI volumetry detecting the magnitude and
pattern of brain atrophy is the gold standard for late-
stage AD diagnosis. However, biomarkers to identify
early AD are lacking. As current treatment approaches
target the prevention or the reversal of Ab-plaque deposi-
tion in the brain (37), DKI might be an important tool for
evaluating their efficacy. Our results of increased DKI pa-
rameters in transgenic mice with amyloidosis show
potential for such application in the clinic. To our opin-
ion, DKI could become part of a larger integrated diag-
nostic framework that allows MRI fingerprinting of AD
pathology, both in early stages, disease progression and
late stage.

Limitations of the Study

Although the Ab-plaque load was significantly increased
in specific brain areas (cortex and thalamus) and an
increase of diffusion kurtosis parameters was observed
in the same regions, other processes might be involved
in diffusion kurtosis changes as well. To elucidate the
exact underlying mechanism(s) a separate analysis with
specific emphasis on co-registration of DKI with exten-
sive histology data at the voxel level should be a focus of
future DKI studies in AD. A longitudinal study to inves-
tigate early changes of DKI in APP/PS1 mice, as well as

further unraveling the unanticipated behavior of hippo-
campal DKI parameters has been initiated, but is beyond
the scope of the present short communication. The
current study illustrates proof of concept of DKI to detect
amyloidosis in APP/PS1 mice. Although it is based on a
low sample size, which might be suboptimal for
statistical analysis, this outcome bears potential for
further exploration of DKI in the future.

CONCLUSION

In conclusion, the current study, although small-scale,
suggests already increased DKI metrics, in the absence of
alterations in DTI metrics in the cortex and thalamus of
APP/PS1 mice with established amyloidosis. These
results warrant further investigations on the potential of
DKI as a sensitive marker for AD.
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