
Diffusion MRI Detects Early Brain Microstructure Abnormalities 
in 2-month-old 3xTg-AD Mice

Maria Fatima Falangola1,2,a, Xingju Nie1,2,a, Ralph Ward4, Emilie T. McKinnon1,3, Siddhartha 
Dhiman1, Paul J. Nietert4, Joseph A. Helpern1,2, Jens H. Jensen1,2,5

1Department of Neuroscience, Medical University of South Carolina, Charleston, South Carolina, 
USA

2Center for Biomedical Imaging, Medical University of South Carolina, Charleston, South 
Carolina, USA

3Department of Neurology, Medical University of South Carolina, Charleston, South Carolina, 
USA

4Department of Public Health Sciences, Medical University of South Carolina, Charleston, SC, 
USA

5Department of Radiology and Radiological Science, Medical University of South Carolina, 
Charleston, South Carolina, USA

SUMMARY

The 3xTg-AD mouse is one of the most studied animal modes of AD, and develops both amyloid-

β deposits and neurofibrillary tangles in a temporal and spatial pattern that is similar to human AD 

pathology. Additionally, abnormal myelination patterns with changes in oligodendrocyte and 

myelin marker expression are reported to be an early pathological feature in this model. Only few 

diffusion MRI (dMRI) studies have investigated white matter (WM) abnormalities in 3xTg-AD 

mice, with inconsistent results. Thus, the goal of this study was to investigate the sensitivity of 

dMRI to capture brain microstructural alterations in 2-month-old 3xTg-AD mice. In the fimbria, 

the fractional anisotropy (FA), kurtosis fractional anisotropy (KFA), and radial kurtosis (K┴) were 

found to be significantly lower in 3xTg-AD mice than in controls, while the mean diffusivity 

(MD) and radial diffusivity (D┴) were found to be elevated. In the fornix, K┴ was lower for 

3xTg-AD mice; in the dorsal hippocampus MD and D┴ were elevated, as were FA, MD, and D┴ 
in the ventral hippocampus. These results indicate, for the first time, dMRI changes, associated 

with myelin abnormalities in young 3xTg-AD mice, before they develop AD pathology. 

Morphological quantification of myelin basic protein MBP immunoreactivity in the fimbria was 

significantly lower in the 3xTg-AD mice compared to the NC. Our results demonstrate that dMRI 

is able to detect widespread, significant early brain morphological abnormalities in 2-month-old 

3xTg-AD mice.
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Graphical Abstract

In vivo diffusion MRI metrics are shown to be sensitive indicators of early changes in the integrity 

and complexity of the white matter (WM) microstructure in 2 months-old 3xTg-AD mice. 

Widespread significant WM abnormalities were detected and supported by histological (myelin 

basic protein immunohistochemistry) findings.
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1. Introduction

Alzheimer’s disease (AD) pathology is remarkably heterogeneous and complex. The 

pathologic hallmarks are the accumulation of amyloid-β (Aβ) and its aggregation into 

fibrillar plaques, as well as the hyperphosphorylation of tau protein, resulting in intracellular 

neurofibrillary tangles1,2. Additionally, decrease in synaptic density, neuronal loss, neuro-

inflammation, impaired glucose metabolism, and white matter (WM) disruption are all 

essential features of the pathological process3–7. However, it is still unclear what brain 

morphological changes exist prior to the full onset of AD-related pathology and cognitive 

changes, and no effective diagnostic biomarkers for early features of AD exists.

The need to identify mechanisms of disease, diagnostic biomarkers and therapeutic tools for 

AD has led to the development of several transgenic mouse models of AD8,9. One of the 

most studied of these is the triple transgenic mouse model of AD (3xTg-AD). The 3xTg-AD 

model possesses the three mutations of human presenilin-1 M146V, human amyloid 

precursor protein Swedish mutation, and the P301L mutation of human tau, based on human 

mutations identified in familial AD10. It develops both Aβ and neurofibrillary tangles 

(NFTs) in a temporal and spatial pattern that is similar to human AD pathology11–13. In this 

model, intraneuronal Aβ begins to accumulate around 2 months of age, while extracellular 

Aβ deposits are apparent by 6 months, particularly in the caudal hippocampus, and become 

more extensive by twelve months14. These mice exhibit synaptic plasticity dysfunction, 

including long-term potentiation (LTP) deficits that occur prior to extracellular Aβ 
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deposition, but are associated with intracellular Aβ13. Cognitive impairment manifests at 3–

4 months of age, correlating both with the accumulation of soluble and intraneuronal Aβ in 

the hippocampus and amygdala15 and with altered synaptic plasticity16. Neuro-inflammation 

is present starting around 6 months of age when reactive microglia are detected in the 

hippocampus, and later with increased pathology, activated astrocytes appear around Aβ 
plaques14. This model also develops tau pathology that begins around 6 months, when 

phosphorylated tau becomes detectable in the caudal hippocampus, and develops into 

neurofibrillary tangles after 12 months of age13,14.

These observations in 3xTg-AD mice show that physiological and behavioral changes are 

present at an early age, even before amyloid and tau-related pathologies are observed. 

Interestingly, abnormal myelination patterns with changes in oligodendrocyte and myelin 

marker expression are reported to be the first pathological feature described in the 3xTg-AD 

mice, leading to WM disruption in the hippocampus and entorhinal cortex as early as 2 

months of age17,18. These WM changes are followed by the first signs of cognitive 

impairment, detected even before Aβ plaques appear18. Therefore, the 3xTg-AD mice 

exhibit an essential feature, WM disruption earlier in the pathological process, which can 

provide valuable insight into a possible early pathological mechanism of AD and help 

identify biomarkers for early detection.

Diffusion MRI (dMRI) is a powerful method for probing brain microstructure abnormalities 

and is widely used as a noninvasive tool for detecting changes in age- and AD-associated 

WM integrity19,20. Diffusional kurtosis imaging (DKI) is a specific dMRI technique that 

extends diffusion tensor imaging (DTI) by quantifying the non-Gaussian behavior of water 

diffusion, contributing additional information beyond that provided by DTI21–23. Despite the 

well characterized morphological and histochemical WM abnormalities in the 3xTg-AD 

mouse model, few dMRI studies have investigated WM abnormalities in this model. 

Employing DTI, Kastyak-Ibrahim et al.24 reported no WM differences in older (11–17 

months of age) 3xTg-AD mice relative to controls, whereas our group, using DKI25, 

demonstrated that WM microstructure changes can be detected longitudinally with dMRI, 

particularly in the fimbria and external capsule of 3xTg-AD mice (4.5 to 18 months of age). 

Recently, Manno et al.26 reported significant fractional anisotropy increase and radial 

diffusivity decrease in the cortex of 2-month-old 3xTg-AD mice compared with controls. 

We also recently reported, in a small sample of mice (3xTg-AD, n = 14; NC, n = 8), 

statistically significant dMRI changes in the hippocampus and fimbria of 3xTg-AD mice, 

illustrating that dMRI metrics can detect early pathological features in this AD mouse 

model27. Moreover, two more structural MRI studies have reported significant volumetric 

differences in the hippocampus and several WM regions, including fimbria, in young 3xTg-

AD mice28,29.

These results warrant further studies with this model on the potential of MRI, particularly 

dMRI, as a tool for detecting early AD pathology. Thus, the goal of this study was to further 

investigate the sensitivity of dMRI to capture brain microstructural alterations associated 

with the hippocampus and fimbria-fornix circuit in 2-month-old 3xTg-AD mice.
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2. Methods

2.1 AD mouse model

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at the Medical University of South Carolina (MUSC), and conducted in 

accordance with the National Institutes of Health (NIH) Guide for Care and Use of 

Laboratory Animals. All animals were purchased from The Jackson Laboratory. The 3xTg-

AD (n = 59) [B6;129-Psen1tm1Mpm Tg(APPSwe, tauP301L)1Lfa/Mmjax; MMRRC Stock 

No: 34830-JAX|3xTg-AD] and age-matched controls (NC, n = 41) [101045 B6129SF2/J] 

were studied at 2 months of age. The control mice for the 3xTg-AD are the suggested 

controls for genetically engineered strains generated with 129-derived embryonic stem cells 

and maintained on a mixed B6;129 background. Only 2-month-old female mice were used 

in this study since the development of AD pathology is far less pronounced and more 

variable in male 3xTg-AD mice14,30. All mice were housed in temperature- and humidity-

controlled rooms on a 12-h light/dark cycle (lights on at 6:00 AM) in an accredited animal 

care facility.

2.2 MRI acquisition

Mice were anesthetized using an isoflurane vaporizer set at the following percentages: 3% 

for induction, 2% during pilot scanning and data acquisition. An animal monitoring unit (SA 

instruments, Inc., model 1025, Stony Brook, NY) was used to record respiration and rectal 

temperature. Respiration was measured with a pressure transducer placed under the 

abdomen just below the ribcage. Body temperature was maintained using ventilated warm 

air, controlled by a feedback circuit between the heater and thermistor. After induction, mice 

were placed on a mouse holder and restrained using a mouse tooth bar (Bruker, T10146) and 

ear bars (Bruker, T10147) placed in the auditory canal. Compressed air was used as the 

carrier gas and delivered at a flow rate of 1L/min to a nose cone positioned around the tooth 

bar, where gases mixed with air and passed over the rodent’s nose. All animals were 

maintained at 37.0 ± 0.2°C and respiration ranged between 60 and 80 breaths per minute 

during scanning.

The in vivo MRI experiments were all performed on a 7T Bruker Biospin 30 cm bore 

scanner (BioSpec 70/30 USR) running Paravision version 5.1. This system is equipped with 

a 12 cm high performance B-GA 12S2 gradient and shim coil set, capable of generating a 

maximum gradient amplitude of 440 mT/m and a slew rate of 4570 T/m/s. A 86 mm 1H 

quadrature volume coil (T128038) was used for signal transmission and an actively 

decoupled phase array coil (four channel receiver T11765) was used for signal reception. A 

2-shot SE-EPI dMRI sequence was employed for the DKI acquisition21,22. The main 

imaging parameters were: TR/TE = 3750/32.6 ms, δ/Δ = 5/18ms, slice thickness = 0.7 mm, 

15 slices with no gap, data matrix = 128×128, image resolution = 156×156 μm2, 2 signal 

acquisitions, 10 b-value = 0 (b0) images, followed by 30 diffusion encoding gradient 

directions with 4 b-values for each gradient direction (0.5, 1.0, 1.5, and 2.0 ms/μm2) and fat 

suppression flip angle = 105°. Total acquisition time = 33 minutes.
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2.3 DKI post-processing and Image analysis

DKI post-processing was performed using DKE31 (http://nitrc.org/projects/dke). Post-

processing included motion correction by aligning all DWIs to the first b=0 image using 

SPM12 (Wellcome Trust Centre for Neuroimaging, UCL, UK). A principal component 

analysis approach32 and the method of moments33 were used to reduce the effects of signal 

noise on the dMRI data. An example of the dMRI raw data for one slice and all b-values at 3 

diffusion directions is presented in the Supplementary Figure 1. Parametric maps were 

obtained by fitting dMRI signal measurements to the DKI signal model for each voxel using 

a linearly constrained weighted linear least squares fitting algorithm, which generated the 

diffusion and kurtosis tensors. These two tensors were then used to calculate parametric 

maps for all diffusion metrics22,23. Figure 1 illustrates the slice selection and maps for all 

diffusion metrics for both NC and 3xTg-AD mice. In our analysis, we considered the four 

diffusion tensor (DT) parameters of mean diffusivity (MD), axial diffusivity (D‖), radial 

diffusivity (D⊥), and fractional anisotropy (FA). MD corresponds to the diffusivity averaged 

over all diffusion directions, D‖ corresponds to the diffusivity in the direction of the principal 

diffusion tensor eigenvector, D⊥ corresponds to the diffusivity averaged over all diffusion 

directions perpendicular to the principal diffusion tensor eigenvector, and FA quantifies the 

anisotropy of the diffusion tensor. We similarly considered the four diffusional kurtosis (DK) 

metrics of mean kurtosis (MK), axial kurtosis (K‖), radial kurtosis(K⊥), and kurtosis 

fractional anisotropy (KFA). These are kurtosis analogs of the DT metrics that quantify 

diffusional non-Gaussianity and provide complementary information about the diffusion 

dynamics23,34. All four b-values (0.5, 1.0, 1.5, 2.0 ms/μm2), for each gradient direction, 

were used in calculating the diffusion metrics. It is worth noting that, due to the inclusion of 

non-Gaussian effects, DKI yields more accurate estimates of DT metrics than does 

conventional DTI35, as well as enabling a more comprehensive assessment of the diffusion 

microenvironment in brain tissue.

Regions of interest (ROIs) were defined for dorsal (DH - two slices) and ventral (VH - two 

slices) hippocampus, fimbria (Fi - three slices) and fornix (Fx - one slice). Additionally, we 

assessed corpus callosum (CC - five slices), external (EC - five slices) and internal (IC - two 

slices) capsule, which are WM tracks relevant to age-related changes and AD pathology. All 

ROIs were manually drawn on the averaged b0 image by a neuropathologist (MFF), using 

ImageJ (http://imagej.nih.gov/ij//)36. Anatomical guidelines for outlining these regions were 

determined by comparing anatomical structures in the MRI slices with a standard mouse 

atlas37 and verified with the FA maps to ensure correct anatomical location and to avoid 

contamination of unintended tissue or cerebrospinal fluid (CSF). To reduce bias when 

drawing the ROIs, we randomly chose mice ID numbers, which included both NC and 

3xTg-AD mice, and sampled the same number of MRI slices for each mouse for each ROI. 

To test for inconsistencies in ROI delineation, we investigated the size of ROIs for bias 

towards any group. We found no statistical differences, except in the hippocampus, where 

3xTg-AD mice had a small number of voxels sampled (Supplementary Table 1), which is 

likely related to the small hippocampus volume previously described for this strain28,29. 

Figure 2 shows FA maps for a 3xTg-AD mouse with the selected ROIs drawn. The regional 

values for the dMRI measures were obtained by averaging all voxels within an ROI except 
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those with MD ˃ 1.5 μm2/ms, which were excluded to minimize the effect of CSF 

contamination.

2.4 Histological protocol

Following the MRI scan, a subset of mice from each group (3xTg-AD, n = 9; NC, n = 5) 

were perfused with ice-cold phosphate buffered saline (PBS) followed by paraformaldehyde 

(4%) in PBS. Mice brains were then removed and post-fixed overnight in the same fixative, 

and subsequently transferred to a storage buffer PBS with 0.02% sodium azide until final 

processing by NeuroScience Associates (Knoxville, TN, USA) using MultiBrain® 

technology. Brains were freeze-sectioned at 25 μm in the coronal plane and two consecutive 

sections at the level of the dorsal hippocampus (Bregma −2.00 mm, based on the mouse 

brain atlas37) were stained free-floating with myelin basic protein (MBP; Abcam ab40390, 

Cambridge, MA, USA) to measure the degree of myelination. The two slices were digitized 

in one session using an Olympus BX53 microscope with QImaging digital camera and 

QCapture Suite. Images (4x magnification) were acquired under the same image light and 

camera settings to avoid possible image intensity variation, and then saved as 8-bit grayscale 

images.

All ROIs were manually drawn by a neuropathologist (MFF) on the two consecutive digital 

images in both hemispheres, resulting in 20 measurements for NC mice and 33 

measurements for 3xTg-AD taking into account some histological tissue damage in a few of 

the 3xTg-AD mice. ROIs were drawn, based on the mouse brain atlas37, at the level of 

fimbria (Fi), corpus callosum (CC) and dorsal hippocampus (CA1 and CA3 regions) using 

ImageJ software (Figure 3A). The quantification of the MBP immunoreactivity was done by 

averaging the mean grayscale intensity measurements from all pixels in each ROI, and 

values were expressed as optical density (OD) = log (max intensity/mean intensity), where 

max intensity = 255 for the 8-bit images.

2.5 Statistical analyses

All data is expressed as group averaged means ± standard deviation of the mean (SD). For 

both the morphological and dMRI values, two-tailed, two-sample t-tests were performed to 

assess differences in the measurements between the two groups for each ROI. Also, the 

effect size (Cohen’s d) was determined to assess the magnitude of the differences between 

the two groups. Additionally, for the dMRI values, a Bonferroni correction was applied to 

explore which group differences would remain significant after correcting for multiple 

comparisons (8 dMRI metrics compared within each ROI). Finally, we also determined the 

percentage differences between the two groups (% Difference = (Mean3xTg-AD – MeanNC) / 

MeanNC * 100%) for each dMRI metric for each ROI. An adjusted p-value of ≤ 0.05 was 

considered to be statistically significant (which corresponds to an unadjusted p-value ≤ 

0.00625). Analyses were conducted using SAS v9.4 (SAS Institute, Cary, NC).

3. Results

Tables 1 and 2 give the group means, standard deviations, unadjusted p-values (bold 

indicates values that remain significant after Bonferroni correction), Cohen’s d, and the 
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percentage differences for the for the DT and DK metrics from all ROIs. Boxplots for the 

DT and DK metrics in each ROI are seen in Figure 4 and 5, respectively.

Our results show that dMRI metrics are able to capture brain tissue microstructural 

differences between the two groups, even at this young age. The Fi had a significantly lower 

FA, KFA, and K┴ for the 3xTg-AD group than for the NC group, while the MD and D┴ 
were higher for the 3xTg-AD mice. In this region, most of the significant metrics had a large 

Cohen’s d value, but D┴ showed the most sensitivity between groups with respect to 

yielding a statistically significant p value, a larger Cohen’s d value and the largest 

percentage difference. In the Fx, K┴ was significantly lower in the AD mice, but the effect 

size and percentage difference were moderate. In the CC of the 3xTg-AD mice, FA, D‖, 
KFA, MK and K┴, were significantly lower, while D┴ was significantly higher compared to 

controls. In this region, FA and K┴ were the most sensitive to differentiate between the two 

groups, with larger Cohen’s d values and percentage differences. MK and K┴ were 

significantly lower in the IC of the 3xTg-AD mice, and the magnitude of the differences was 

large. MK was also significantly lower in the EC of these mice compared with NC, with a 

medium effect size. In the DH of the 3xTg-AD mice, MD and D┴ were significantly higher 

than for the NC group, with larger effect sizes. In the VH of these mice FA, MD and D∥ 
were significantly higher compared with NC, with FA and D∥ having the larger Cohen’s d 

values.

Morphological quantification of MBP immunoreactivity in the Fi was significantly lower 

(p= 0.014; d= −0.719) in the 3xTg-AD mice compared to the NC, but no differences were 

detected in the CC, CA1 or CA3 regions (Figure 3 B, C, D; Supplementary Table 2). No 

correlations between morphological data and dMRI metrics were detected in any of the 

regions investigated (data not shown).

4. Discussion

Our results demonstrate that dMRI is able to detect brain morphological abnormalities in 

young 3xTg-AD mice for multiple brain regions. Our findings of lower FA, KFA, and K┴, 

and elevated MD and D┴ in the Fi, together with significantly lower K┴ in the Fx and 

significantly higher diffusivity metrics at the level of dorsal (MD and D┴) and ventral 

hippocampus (FA, MD and D‖), indicate WM disruption in the hippocampus-fimbria-fornix 

circuit in the 3xTg-AD mice.

This is consistent with previously described morphological changes where abnormal 

oligodendrocyte and myelin marker expression are noticeable in the hippocampus of 2-

month-old 3xTg-AD mice17,18, as well as with our own histological measurement of myelin 

immunoreactivity in the Fi. Although there was a trend for MBP decrease in the corpus 

callosum and CA3 of the 3xTg-AD mice, it did not reach significance (Figure 3D). Probably 

the small subset of mice used in the morphological analysis hindered our ability to detect 

differences in MBP immunoreactivity in other brain regions other than fimbria. Therefore, a 

more detailed morphological characterization in this model is needed to establish a direct 

correlation between dMRI and morphology findings.
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The efferent fibers of the hippocampus are collected together in the fimbria and fornix 

forming a complex system of fibers closely related functionally and structurally with the 

hippocampal formation. Significant volumetric differences across the entire brain, 

particularly changes in the structural integrity of the hippocampal complex and fimbria have 

been reported in young 3xTg-AD mice28,29, which together with myelin abnormalities, may 

be the contributing factors to the dMRI changes detected in our study. Similarly, previous 

human studies have demonstrated that fornix and fimbria abnormalities are detectable at an 

early stage of AD pathogenesis, with associations between disrupted microstructure and 

worse memory performance in healthy adults, as well as in older adults with MCI and AD 

dementia38–44. Additionally, some studies have observed a significant relationship between 

reduced microstructural integrity of the fornix and hippocampal atrophy, with fornix 

degeneration being a predictor of incipient cognitive decline in healthy elderly individuals41. 

However, it should also be noted that, although loss of WM integrity in the fornix is 

associated with cognitive decline and early AD pathology39,44, only K┴ showed a 

significant decrease in this region of the 3xTg-AD mice. The fornix is a relatively small fiber 

tract adjacent to the ventricles, which makes it susceptible to partial volume effects of CSF. 

However, DK metrics are known to be less sensitive to CSF contamination45 and we also 

mitigated this problem by masking out all voxels with MD ˃1.5 μm2/ms.

Significant changes also occurred in other WM regions in the 3xTg-AD mice. Several 

diffusion measures (FA, D‖, KFA, MK and K┴,) were significantly decreased, and D┴ was 

significantly increased in the corpus callosum, while DK metrics were significantly 

decreased in the internal and external capsule of these mice. A number of biological 

processes may underlie these dMRI changes seen in these WM tracts, including abnormal 

myelination and decrease in the density of myelinated axons, but a more comprehensive 

morphological characterization of different WM fibers in this model is needed to confirm the 

exact underlying mechanism for each region.

In several other mouse models of AD, dMRI has been used to detect WM changes 

associated with the presence of pathology in adult and older mice46–51, but only a few dMRI 

studies have investigated WM abnormalities in this model. In older (11–17 months of age) 

3xTg-AD mice Kastyak-Ibrahim et al.24 reported no WM differences relative to controls 

using DTI, whereas our group, using DKI25, demonstrated WM changes detected 

longitudinally, particularly in the fimbria and external capsule of 3xTg-AD mice (4.5 to 18 

months of age). However, several methodological factors distinguish these two previous 

studies, including dMRI technique, gender differences for the mice, and ROIs sampling. In 

young 3xTg-AD mice, only one other MRI study has investigated WM abnormalities, 

reporting significant FA increase and D┴ decrease in the cortex and decrease hippocampal 

connectivity26.

Although the expectations when studying animal models of AD at young age are that brain 

morphological changes will be minimal, the well-established alterations in myelination 

patterns described in young 3xTg-AD17,18 and APP/PS152 mice supports the idea that 

myelin defects and oligodendrocyte dysfunction are early active contributors in the AD 

pathological process. While the mechanisms underlying reduced WM integrity in young 

3xTg-AD are not totally clear, it has been suggested that early increases in Aβ peptide levels 

Falangola et al. Page 8

NMR Biomed. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and its cytotoxic effect on oligodendrocytes may be the trigger of myelin and 

oligodendrocyte defects53. Indeed, oligodendrocytes, the cells responsible for the production 

and maintenance of myelin, are very vulnerable to factors like oxidative stress, which 

impairs the differentiation of oligodendrocyte precursor cells or damage mature 

oligodendrocytes. Several studies suggest that Aβ-induced oxidative stress is toxic to 

oligodendrocytes54,55, interfering with the myelination process and the ability to maintain 

existing myelin status, affecting axonal processes and making them vulnerable to disease-

related processes, such as in AD56,57.

Our results demonstrate that dMRI is a viable in vivo tool for assessing early WM pathology 

in AD. Several diffusion measures were able to capture significant widespread 

microstructural changes in WM fiber tracks in 2-month-old 3xTg-AD mice, which could 

represent a prodromal mechanistic feature related to AD pathology. Since our study focused 

on young 3xTg-AD mice, further studies will be needed to investigate the relationship 

between these early WM changes and AD pathology progression in this model. 

Additionally, since the myelin and oligodendrocyte defects can be reversed by inhibiting the 

release of Aβ-peptides17 in this model, it is vital that future studies explore dMRI as a tool 

for detecting therapeutic effects in the 3xTg-AD mouse model. Lastly, because our dMRI 

methods are widely used and clinically-relevant in AD, our results have the potential to 

contribute to the further development of clinical neuroimaging biomarkers for both early 

detection and monitoring AD progression, which is crucial in the ongoing effort to find 

effective therapies to delay cognitive deficits.

5. Limitations

Our results should be considered in the context of some methodological limitations. First, 

because the voxels in our MRI acquisition were highly elongated, we could not reliably 

investigate the degree of connectivity between regions using fiber tracking analysis. Second, 

our ROI analysis approach limited the results to selected regions, precluding the 

measurement of differences throughout the entire brain. Additionally, in our ROI analysis we 

observed a significant difference in the size of hippocampus ROIs between groups, with 

smaller hippocampus ROIs being found the 3xTg-AD mice. However, this is consistent with 

the previously described small hippocampus volumes for the 3xTg-AD mouse model28,29. 

The ROI analysis approach was selected mainly because of these volume differences 

between the two groups (3xTg-AD and NC) would increase registration/normalization errors 

for the voxel-based analysis approach. Third, in our study, we applied Bonferroni corrections 

accounting for 8 dMRI metrics compared within each ROI, but not accounting for the total 

number of ROIs studied. There is no general consensus on how to apply the Bonferroni 

correction58, and we choose this approach based on consistency with prior studies reporting 

dMRI results in mouse models of AD, including papers on the 3xTg-AD mouse24,25. 

Finally, the histological assessment was performed only on a small subset of mice (3xTg-

AD, n = 9; NC, n = 5), for one histological marker (MBP – for myelin), and in only 2 slices 

at the level of the dorsal hippocampus. This limitation probably hindered our ability to 

detect differences in MBP immunoreactivity in brain regions other than fimbria. A more 

detailed morphological characterization with multiple morphological markers, labeling 
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oligodendrocytes and other glial cells, neurofilament, etc., with quantitative correlations 

between dMRI and morphology findings would be of interest.

6. Conclusion

In this study we have demonstrated, for the first time, that several dMRI measures are 

sensitive in vivo indicators of abnormalities in the brain cytoarchitecture of the 2-month-old 

3xTg-AD mice, before they develop AD pathology. Significant differences, in comparison to 

NC mice, were detected in several brain regions, including the Fi, CC, and hippocampus. 

Thus, dMRI parameters may be useful as biomarkers for early detection of AD pathology, as 

well as for monitoring disease progression and effects of future therapeutic interventions. 

Since the dMRI methods employed here are easily translatable to clinical MRI, this study 

also demonstrates their potential for early detection of brain cytoarchitectural abnormalities 

in human AD patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

AD Alzheimer’s disease

Aβ amyloid beta

WM white matter

DK diffusional kurtosis

DKI diffusional kurtosis imaging

DT diffusion tensor

DTI diffusion tensor imaging

FA fractional anisotropy

MD mean diffusivity

D∥ axial diffusivity

D⊥ radial diffusivity

KFA kurtosis fractional anisotropy

MK mean diffusional kurtosis

K∥ axial kurtosis

K⊥ radial kurtosis

Fi fimbria

Falangola et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fx Fornix

EC external capsule

IC internal capsule

CC corpus callosum

DH dorsal hippocampus

VH ventral hippocampus
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Figure 1. 
(A) Slice positioning for the 15 coronal slices. (B) Representative dMRI parametric maps of 

all diffusion metrics, for a single anatomical slice, from a NC and a 3xTg-AD mouse. DT 

measures of mean diffusivity (MD), axial diffusivity (D∥), radial diffusivity (D⊥) and 

fractional anisotropy (FA). DK measures of mean kurtosis (MK), axial kurtosis (K∥), radial 

kurtosis (K⊥) and kurtosis fractional anisotropy (KFA). Scale bars: 0–1 for FA and KFA; 0–

2 μm2/ms for MD, D∥ and D⊥; 0–3 for MK, K∥, and K⊥.
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Figure 2: 
Representative fractional anisotropy (FA) maps of a 2-month-old 3xTg-AD mouse 

illustrating the selected ROIs: corpus callosum (CC), external capsule (EC), fornix (Fx), 

fimbria (Fi), internal capsule (IC), dorsal hippocampus (DH) and ventral hippocampus (VH).
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Figure 3: 
(A) Representative of the myelin basic protein (MBP) stain (1.25x magnification) with ROIs 

highlighted for corpus callosum (CC), fimbria (Fi), and dorsal hippocampus subfields CA1 

and CA3. Scale bar = 100μm. MBP stain for (B) 3xTg-AD and (C) NC mice (inserts 40x 

magnification). (D) Quantitative analysis of the MBP immunoreactivity; values are 

expressed as optical density (OD) = log (max intensity/mean intensity), where max intensity 

= 255 for the 8-bit images. * p≤ 0.05.
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Figure 4 - 
Boxplots showing the averaged DT metrics. On the boxplots, data are presented as medians 

(line), mean (x), quantile (box, 25–75% of data range), range (whiskers); outliers are 

depicted with ovals dots. *indicates significant values for group comparison after Bonferroni 

correction (8 dMRI comparisons).

Falangola et al. Page 18

NMR Biomed. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5 - 
Boxplots showing the averaged DK metrics. On the boxplots, data are presented as medians 

(line), mean (x), quantile (box, 25–75% of data range), range (whiskers); outliers are 

depicted with ovals dots. *indicates significant values for group comparison after Bonferroni 

correction (8 dMRI comparisons).
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Table 1

DT metrics estimates (mean ± standard deviation, unadjusted p-values (bold indicates values that remain 

significant after Bonferroni correction for 8 dMRI comparisons), Cohen’s d and the percentage differences for 

ROI. Mean (MD), axial (D∥) and radial (D⊥) diffusivities, fractional anisotropy (FA); fimbria (Fi), fornix (Fx), 

corpus callosum (CC), internal (IC) and external (EC) capsule, dorsal (DH) and ventral (VH) hippocampus.

Mean (MD) Axial (D∥) Radial (D⊥) FA

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

μm2/ms μm2/ms μm2/ms

Fi NC 0.979 ± 0.049 1.758 ± 0.062 0.589 ± 0.051 0.595 ± 0.027

3xTg-AD 1.006 ± 0.036 1.755 ± 0.049 0.632 ± 0.038 0.568 ± 0.020

p-values 0.0031 0.7898 <.0001 <.0001

Cohen’s d 0.655 −0.054 0.970 −1.206

% Difference 2.800 −0.171 7.252 −4.621

Fx NC 0.954 ± 0.061 1.462 ± 0.058 0.700 ± 0.079 0.449 ± 0.044

3xTg-AD 0.957 ± 0.043 1.458 ± 0.047 0.706 ± 0.062 0.441 ± 0.042

p-values 0.8025 0.679 0.6559 0.3607

Cohen’s d 0.054 −0.084 0.091 −0.187

% Difference 0.294 −0.301 0.900 −1.761

CC NC 0.866 ± 0.021 1.321 ± 0.037 0.639 ± 0.027 0.476 ± 0.020

3xTg-AD 0.875 ± 0.019 1.285 ± 0.037 0.671 ± 0.021 0.441 ± 0.018

p-values 0.0295 <.0001 <.0001 <.0001

Cohen’s d 0.449 −0.987 1.335 −1.865

% Difference 1.016 −2.755 4.913 −7.389

IC NC 0.808 ± 0.018 1.285 ± 0.036 0.570 ± 0.019 0.479 ± 0.021

3xTg-AD 0.818 ± 0.017 1.303 ± 0.025 0.575 ± 0.021 0.479 ± 0.019

p-values 0.0092 0.0091 0.203 0.9003

Cohen’s d 0.541 0.581 0.261 −0.026

% Difference 1.163 1.362 0.930 −0.104

EC NC 0.840 ± 0.029 1.121 ± 0.036 0.699 ± 0.030 0.329 ± 0.016

3xTg-AD 0.848 ± 0.024 1.132 ± 0.030 0.706 ± 0.026 0.322 ± 0.016

p-values 0.127 0.0928 0.2426 0.0418

Cohen’s d 0.313 0.345 0.239 −0.419

% Difference 0.965 0.999 0.944 −2.037

DH NC 0.789 ± 0.022 0.888 ± 0.033 0.740 ± 0.018 0.121 ± 0.012

3xTg-AD 0.803 ± 0.022 0.906 ± 0.037 0.752 ± 0.016 0.122 ± 0.016

p-values 0.0019 0.0125 0.0006 0.7775

Cohen’s d 0.648 0.517 0.720 0.058

% Difference 1.774 2.050 1.622 0.741

VH NC 0.796 ± 0.021 0.890 ± 0.027 0.749 ± 0.019 0.122 ± 0.007

3xTg-AD 0.809 ± 0.020 0.916 ± 0.028 0.756 ± 0.017 0.131 ± 0.008

p-values 0.0022 <.0001 0.0723 <.0001

Cohen’s d 0.639 0.948 0.369 1.129
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Mean (MD) Axial (D∥) Radial (D⊥) FA

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

μm2/ms μm2/ms μm2/ms

% Difference 1.633 2.932 0.854 7.201
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Table 2

DK metrics estimates (mean ± standard deviation, unadjusted p-values (bold indicates values that remain 

significant after Bonferroni correction for 8 dMRI comparisons), Cohen’s d and the percentage differences for 

ROI. Mean (MK), axial (K∥), and radial (K⊥) kurtoses and kurtosis fractional anisotropy (KFA); fimbria (Fi), 

fornix (Fx), corpus callosum (CC), internal (IC) and external (EC) capsule, dorsal (DH) and ventral (VH) 

hippocampus.

Mean (MK) Axial (K∥) Radial (K⊥) KFA

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Fi NC 1.113 ± 0.041 0.779 ± 0.019 1.784 ± 0.132 0.595 ± 0.036

3xTg-AD 1.102 ± 0.033 0.784 ± 0.019 1.711 ± 0.088 0.564 ± 0.025

p-values 0.1437 0.1901 0.0029 <.0001

Cohen’s d −0.300 0.268 −0.675 −1.026

% Difference −0.988 0.655 −4.091 −5.194

Fx NC 1.058 ± 0.056 0.833 ± 0.055 1.384 ± 0.070 0.464 ± 0.052

3xTg-AD 1.034 ± 0.055 0.821 ± 0.049 1.340 ± 0.080 0.459 ± 0.054

p-values 0.0385 0.2841 0.005 0.6363

Cohen’s d −0.427 −0.219 −0.584 −0.096

% Difference −2.241 −1.345 −3.194 −1.120

CC NC 1.052 ± 0.032 0.943 ± 0.028 1.419 ± 0.074 0.562 ± 0.024

3xTg-AD 1.015 ± 0.035 0.945 ± 0.024 1.328 ± 0.064 0.546 ± 0.020

p-values <.0001 0.7778 <.0001 0.0005

Cohen’s d −1.099 0.058 −1.335 −0.730

% Difference −3.490 0.148 −6.426 −2.813

IC NC 1.332 ± 0.027 0.982 ± 0.021 1.768 ± 0.062 0.474 ± 0.025

3xTg-AD 1.307 ± 0.040 0.978 ± 0.030 1.714 ± 0.065 0.479 ± 0.023

p-values 0.0003 0.4611 <.0001 0.343

Cohen’s d −0.717 −0.142 −0.853 0.194

% Difference −1.907 −0.387 −3.088 0.991

EC NC 0.974 ± 0.029 0.831 ± 0.021 1.132 ± 0.046 0.387 ± 0.024

3xTg-AD 0.957 ± 0.028 0.824 ± 0.023 1.110 ± 0.041 0.383 ± 0.019

p-values 0.0034 0.1779 0.0147 0.3080

Cohen’s d −0.611 −0.276 −0.505 −0.208

% Difference −1.786 −0.746 −1.926 −1.136

DH NC 0.766 ± 0.036 0.770 ± 0.040 0.794 ± 0.041 0.321 ± 0.020

3xTg-AD 0.750 ± 0.031 0.752 ± 0.032 0.779 ± 0.033 0.317 ± 0.023

p-values 0.0188 0.0136 0.0523 0.2567

Cohen’s d −0.486 −0.511 −0.399 −0.232

% Difference −2.115 −2.376 −1.839 −1.525

VH NC 0.771 ± 0.038 0.780 ± 0.041 0.778 ± 0.043 0.323 ± 0.025

3xTg-AD 0.762 ± 0.031 0.764 ± 0.032 0.780 ± 0.033 0.324 ± 0.018

p-values 0.1963 0.0398 0.8113 0.7242

Cohen’s d −0.265 −0.424 0.051 0.076
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Mean (MK) Axial (K∥) Radial (K⊥) KFA

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

% Difference −1.154 −1.975 0.257 0.496
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