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Mapping of Microvascular Architecture in the Brain of an 

Alzheimer’s Disease Mouse Model using MRI 

 

Abstract 

Purpose: Growing evidence suggests that alterations of the cerebral microvasculature play a critical role in 

the pathogenesis of Alzheimer’s disease (AD). The objective of this study was to characterize and evaluate the 

cerebral microvascular architecture in the AD transgenic (Tg) mice model compared with non-Tg mice using 

brain microvascular indices obtained by MRI.  

Methods: Seven non-Tg mice and ten 5xFAD Tg mice were scanned using a 7-T animal MRI system to 

measure the transverse relaxation rates of R2 and R2* before and after injection of the monocrystalline iron 

oxide nanoparticle contrast agent. After calculation of the relaxation rate difference of ΔR2* and ΔR2, the 

microvascular indices of the vessel size index (VSI), mean vessel diameter (mVD), mean vessel density (Q), 

mean vessel-weighted image (MvWI), and blood volume fraction (BVf) were mapped. The voxel-based 

analyses and regions-of-interest (ROIs)-based analyses were performed to compare the indices between the non-

Tg and Tg groups. 

Results: The BVf, mVD, VSI, and MvWI were greater in the Tg group than in the non-Tg group based on 

voxel comparisons. Additionally, the ROIs-based analysis showed that ΔR2*, BVf, mVD, MvWI, and VSI were 

increased in the Tg group compared to the non-Tg group in several brain regions. Most ROIs defined by the 

mouse brain atlas were not significantly different between the two groups. 

Conclusion: We found increased microvascular indices of VSI and mVD in the Tg mice, reflecting 

microvascular disruption in the brain, which may be related to damages of the neurovascular unit in AD caused 

by cerebral amyloid angiopathy.  

Clinical Relevance / Application: To date, few studies have investigated the microvascular injuries of the 

AD brain using MRI. We suggest that investigation of cerebral microvasculature using a high-field MRI in AD 



 

 

3 

 

would be worthwhile to elucidate the pathophysiology of cerebral amyloid angiopathy in this disease. Indeed, 

microvascular MRI can be a promising imaging tool for investigating early diagnosis and monitoring treatment 

in AD. 

 

Keywords: Alzheimer’s disease; microvascular structure; MRI; contrast agent; animal study 

 

Introduction 

Alzheimer’s disease (AD) and its risk factors 

Alzheimer’s disease (AD) is defined as a neurodegenerative disorder characterized by a gradual 

decline in memory and other cognitive functions and is neuropathologically associated with the accumulation of 

extracellular amyloid-β peptide (Aβ), intracellular neurofibrillary tangles, and hyper-phosphorylated 

microtubule-associated protein tau [1]. The microvascular structures in AD revealed by autopsy demonstrate 

decreased smooth muscle actin, resulting in an increase in wall thickness of the cerebral artery caused by 

accumulation of Aβ and/or the protein tau [2]. Hypertension, diabetes mellitus, dyslipidemia, and existing 

cardiovascular disease are the associated risk factors [1; 3] that contribute to the deterioration of the 

microvascular structure in the AD brain. Mechanisms of vascular pathology in AD include changes in vessel 

morphology, impairment of vascular reactivity, vascular stenosis, neurovascular uncoupling, and blood-brain 

barrier dysfunction. 

 

Cerebral amyloid angiopathy in the AD brain 

In AD, cerebral amyloid angiopathy (CAA) is characterized by depositions of Aβ in the cortical and 

leptomeningeal vessel walls [4]. CAA causes a decrease in brain perfusion in AD due to compromised 

interstitial fluid drainage, resulting from the destruction of the perivascular spaces due to the microvascular 

accumulations of amyloid-beta. Senile plaques and CAA were observed in the brain of the AD model mouse 

with significant reduction in cerebral blood flow and decreased capillary density, with deleterious effects on 
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cerebral microvasculature [5; 6]. Damage to the cerebral microvasculature is caused by abnormalities of the 

cerebrovascular walls, including smooth muscle cells, which show fibrinoid necrosis, as well as weakness of the 

vessel wall [7] and capillary occlusion,[8]. The formation of string vessels causes endothelial cell death, 

collapse of capillaries, and hypoperfusion [9]. Genetic risk factors for AD are associated with neurotoxicity of 

Aβ associated with CAA [10]. 

 

Blood-brain barrier in the AD brain 

The blood-brain barrier (BBB) is a highly specialized endothelial cell membrane lining the cerebral 

microvessels, which is responsible for the generation and maintenance of chronic inflammation observed in AD 

by resident microglial cells and macrophages, along with circulating immune system cells, within the 

neurovascular unit (NVU). In AD, mechanisms of vascular pathology include changes in vessel morphology, 

impairment of vascular reactivity, vascular stenosis induced by endothelial fibrinogen deposition, neurovascular 

uncoupling and degeneration, and loss of vascular smooth muscle cells. Leukocyte trafficking, release of 

inflammatory mediators, and neutrophil extracellular traps also contribute to vascular dysfunction. As a result, 

the BBB dysfunction may eventually cause a microvascular injury. BBB dysfunction is caused by perivascular 

tau, and the associated neurotoxicity has been observed in transgenic mouse tauopathy models [11; 12]. In 

addition, Aβ, CAA, and cerebral microbleeds (CMB) cause vessel wall injury by deposition of fibrinogen [12]. 

Vascular Aβ is found on the arteries or arterioles, and on veins, with impaired drainage of interstitial fluid in 

animal models of AD [13]
, 
[14]. The apolipoprotein E (ApoE) gene ε4 allele is associated with increased plasma 

cholesterol and risk of neurovascular disease or atherosclerotic complications [15]. ApoE4 increases plasma 

protein, such as prothrombin in the microvessels, within the vascular basement membrane, resulting in 

breakdown and leakage of the blood-brain barrier due to shrinkage of endothelial cells [16]. Furthermore, 

ApoE4 causes proteolysis and cellular mitochondrial damage, which increases endothelial inflammation and 

facilitates the deposition of amyloid within the microvessels [17]. These factors may cause degradation of the 

BBB; therefore, study of the microvasculature is important to increase comprehension of the pathologic 

mechanism of AD. 
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Microvascular imaging using MRI 

Microvascular MRI is a relatively new imaging method, which shows changes in signal intensity of 

susceptibility differences between blood vessels and surrounding tissues, based on the measurement of the 

changes of the transverse relaxation rate constants of ∆R2 and ∆R2* before and after injection of an intravascular 

contrast agent (CA) [18; 19]. The CA increases the voxel relaxation rates by water diffusion between the intra- 

and extra-vascular spaces and around the microvessels [19]. These changes in ∆R2 and ∆R2* in the 

microvasculature can be measured when the vessel is perpendicular to the main magnetic field. Therefore, the 

change depends on the microvessel radius and susceptibility difference (∆χ), which is the increase in 

intravascular magnetic susceptibility due to the CA [20]. To qualitatively and quantitatively measure the 

integrity of brain microvascular structures using MRI, the following microvascular indices were proposed: the 

vessel size index (VSI) [18], mean vessel diameter (mVD) [21], mean vessel density (Q) [19], mean vessel-

weighted image (MVWI) [22], and blood volume fraction (BVf) [23]. Microvascular maps were applied in 

tumors [24-26], strokes [27], and dementia [28] to characterize vascular dysfunctions. However, few studies 

have been performed to investigate microvascular injuries in the AD-model mouse brain using MRI. 

 

Objective 

The objective of this study was to characterize and evaluate microvascular architectures based on 

brain microvascular indices obtained with a 7-T animal MRI system in Tg AD-model mice and the non-Tg mice 

using the monocrystalline iron oxide nanoparticle (MION) contrast agent.  

 

Materials and Methods 

Animal preparation 

The animal experiment was approved by the Institutional Animal Care and Use Committee of Ulsan 

National Institute of Science and Technology (UNISTIACUC-16-26). The 5xFAD transgenic mouse, which is 

typically used in the AD-model, has 5 FAD mutations [APP K670N/M671L (Swedish) + I716V (Florida) + 



 

 

6 

 

V717I (London) and PS1 M146L+ L286V][29]. Breeding progenitors of 5xFAD transgenic mice (stock number: 

34840-Jax. strain name: B6SJL-Tg (APPSwFILon, PSEN1*M146L*L286V) 6799Vas/Mmjax) were purchased 

from The Jackson Laboratory (Bar Harbor, ME, USA). Breeding progenitors of B6/J (strain name: JAXTM 

C57BL/6J) and SJL/J mice (strain name: JAXTM SJL/6J) were purchased from The Charles River Laboratory 

(Yokohama, Kanagawa, Japan). To maintain the 5xFAD species, the breeding protocol of the 5xFAD mouse was 

guided by the Jackson Laboratory recommendation. In brief, B6SJLF1/J mice were produced by crossing a 

C57BL/6J female with SJL/J male. By mating the B6SJLF1/J with 5xFAD, B6SJLF1/J or 5xFAD mice were 

produced. In this study, 5xFAD and B6SJLF1/J sibling mice were used in the experiment and control group, 

respectively. All mice were housed in controlled conditions of a 12-h light/dark cycle with 21 ± 2˚C temperature 

and 50 ± 10% humidity. 

 

MRI Acquisition  

In vivo MRI was performed with a mouse head surface coil on a Bruker 7-T Biospec small imaging 

scanner equipped with actively shielded gradients at a maximum strength of 76 G/m (Bruker Biospec GmbH, 

Ettlingen, Germany). Mice were initially anesthetized with 2.5% isoflurane in air. Experiments were carried out 

at a maintenance anesthesia level of 1.5%.  

Figure 1 shows the entire protocol of this study. First, a T1-weighted (T1W) fast low angle shot 

(FLASH) sequence was used to obtain anatomic information using the following parameters: repetition time 

(TR) = 800 ms, echo time (TE) = 3.5 ms, acquisition matrix = 256 × 256, number of slices = 10, slice thickness 

= 1 mm, flip angle (FA) = 50°, and number of averages = 3. Second, to obtain brain anatomic information of the 

mice before and after injection of the contrast agent, two-dimensional (2D) T1W turbo spin-echo (TSE) images 

were acquired with the Rapid Acquisition with Refocused Echoes (RARE) sequence using the following 

parameters: TR = 500 ms, TE = 7 ms, turbo factor = 4 (with centric encoding), acquisition matrix = 256 x 256, 

number of slices = 6, slice thickness = 1.05 mm, FA = 90°, and number of averages = 6. Third, to map the 

apparent diffusion coefficient (ADC), diffusion-weighted images (DWI) were acquired with a spin-echo echo 

planar imaging (EPI) pulse sequence using the following parameters: TR = 1000 ms, TE = 20 ms, 4 b-values= 

76.2165, 618.8951, 843.9312, and 969.3098 s/mm
2
, acquisition matrix = 128 × 128, number of slices = 6, slice 



 

 

7 

 

thickness = 0.7 mm, FA=90°, and number of averages = 2. The common imaging parameters were: field-of-

view (FOV) = 16 × 16 mm
2
. Fourth, to measure the R2 relaxation rates before and after injection of the contrast 

agent, 2D multi-slice multi-echo spin-echo (MESE) images were acquired using the following parameters: TR = 

1300 ms, TEs = 40, 80, 120, and 160 ms, acquisition matrix = 128 × 128, number of slices = 6, slice thickness = 

0.7 mm, FA = 90°, and number of averages = 4. Finally, to measure R2* relaxation rates before and after 

injection of the contrast agent, 2D multi-slice multi-echo gradient-echo (MEGE) images were acquired using the 

following parameters: TR = 1500 ms, TEs = 1.81, 5.81, 9.81, 13.81, 17.81, 21.81, 25.81, 29.81, 33.81, and 

37.81 ms, number of slices = 6, FA = 60°, and number of averages = 2. Slice thickness of 0.35 mm was used to 

reduce the signal distortion of gradient-echo imaging due to macroscopic B0 inhomogeneity. The MEGE 

acquisition was repeated twice to cover the same slice thickness corresponding to the MESE acquisition. A 

superparamagnetic MION was used as the contrast agent, with a dose of 200 μmol of iron/kg. 

 

MR Imaging analysis 

 

Pre-processing images 

Before we calculated R2, R2*, ADC, ΔR2, ΔR2*, and microvascular indices, we pre-processed raw 

images with Statistical Parametric Mapping (SPM12) software (Wellcome Trust Centre for Neuroimaging, UCL 

Institute of Neurology, London, UK; www.fil.ion.ucl.ac.uk/spm) according to the following steps. First, the first 

spin-echo image before injection of contrast agent was used to co-register other raw images. All images were 

magnified by 10 for SPM software. Second, the first spin-echo image and other images were co-registered into 

C57Bl6 mouse brain template [30]. Finally, all images were spatially normalized into the template. After spatial 

normalization of all raw images into the mouse brain template, we mapped R2, R2*, and ADC maps. 

 

Mapping the R2 and R2* relaxation rates and ADC 

Before mapping the relaxation rates, the pre-processed images were de-noised with the Gaussian 

kernel size of 0.25 × 0.25 × 1 mm
3
. The changes in R2 and R2* relaxation rates before and after injection of the 
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contrast agent should be calculated to map the microvascular indices. To calculate ΔR2, the acquired multi-slice 

MESE images were used with two different methods. First, the voxel-based R2 map was calculated by using a 

mono-exponential curve fitting method from signals collected before (preR2) or after (postR2) injection of the 

contrast agent, separately, and then voxel-based ΔR2 can be obtained by subtracting preR2 from postR2 (postR2 

- preR2). However, this method had unreliable results regarding ΔR2 values in some voxels. Therefore, we used 

another method in which voxel-based ΔR2 was directly calculated using the following equation [19]. 

∆𝑅2 = 1/𝑇𝐸 ∙ 𝑙𝑛(𝑆𝑝𝑜𝑠𝑡/𝑆𝑝𝑟𝑒)                  [1] 

where Spost and Spre are the signal intensities collected with TE = 80 after and before injection of the contrast 

agent, respectively. Therefore, in this study, we ultimately used the second method to calculate ΔR2 in each 

voxel.  

To calculate ΔR2*, the acquired multi-slice MEGE images were used to map R2* before (preR2*) and 

after (postR2*) injection of the contrast agent. The voxel-based R2* was obtained by using a mono-exponential 

curve fitting method. Subsequently, voxel-based ΔR2* was obtained by subtracting preR2* from postR2* 

(postR2*- preR2*). Finally, voxel-based ADC was calculated by using the mono-exponential curve fitting 

method with the multi-b-value DWIs. 

 

Mapping the microvascular indices 

The microvascular indices, VSI, BVf, mVD, Q, and MvWI, were mapped with the equations 

explained in this section using the parameter maps of ΔR2, ΔR2*, and/or ADC. First, the blood volume fraction 

(BVf, %) was obtained by using T2*-weighted sequence; therefore, BVf in a voxel is directly proportional to 

∆R2* [23]. The BVf in a voxel is directly related to the changes in R2* between the before and after injection 

conditions using a paramagnetic contrast agent in the microvasculature. In assuming that a voxel has thousands 

of microvessels and occupies a small blood fraction of the voxel volume [19], the total BVf in a voxel was 

calculated with the following equation:  𝐵𝑉𝑓 = 34𝜋 ∙ 𝛾 ∙ ∆𝜒 ∙ 𝐵0 ∙ ∆𝑅2∗ ∙ 100(%)               [2] 

where γ is the gyromagnetic ratio (Hz∙T-1
), B0 is the intensity of the main magnetic field (T), and Δχ (in cgs 
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units) is the increase in intravascular magnetic susceptibility due to the concentration and susceptibility of the 

contrast agent. Note that Δχ depends on the type and on the concentration of the contrast agent. We used 3.6E-

05 as the Δχ value. 

Second, the vessel size index (VSI, expressed in μm) is a characteristic of the distribution of the vessel 

radii [18]. VSI was calculated by using ∆R2, ∆R2*, ∆χ, and ADC [18]. In assuming that the microvasculature has 

a uniform distribution of randomly oriented straight cylinders, as well as the small BVf (<<1) and large echo 

times (TE>>1/(2π ∙ γ ∙ ∆χ ∙ 𝐵0), VSI in a voxel was computed by considering the water diffusion and the 

concentration of the contrast agent as: 

𝑉𝑆𝐼 = 0.424 ∙ ( 𝐴𝐷𝐶𝛾∙∆𝜒∙𝐵0)12 ∙ (Δ𝑅2∗∆𝑅2)32
                   [3] 

where ADC is the water diffusion rate (μm
2
/s). 

Third, the mean vessel diameter (mVD) was introduced as the ratio of the changes in relaxation rates 

[21]. The mVD provides an estimate of microvascular changes, is sensitive to the average vessel size in the 

voxel, and is valid for small coefficients of variation in vessel size distribution [21]. The mVD in a voxel was 

calculated by the ratio of the changes in transverse relaxation rates: 𝑚𝑉𝐷 = Δ𝑅2∗∆𝑅2                                    [4] 

Fourth, the quantity of mean vessel density (Q, expressed in s
-1/3

) was introduced to minimize the 

dependence of the CA concentration, which is sensitive to intrinsic tissue properties [19] [31]. Therefore, it can 

be useful for an in vivo study, as the CA concentration may pose as a challenge due to this sensitivity to intrinsic 

tissue properties, whereas the estimation of vessel size requires the intravascular CA concentration [32]. Mean 

vessel density in a voxel was calculated with the following equation:  

𝑄 = ∆𝑅2(Δ𝑅2∗)23                                      [5] 

Finally, the microvessel-weighted image (MVWI, expressed in s
-2

) was proposed to map small blood 

vessels [22] using the following equation. 

𝑀𝑉𝑊𝐼 =  ∆𝑅2∗ ∙ ∆𝑅2                              [6] 
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Statistical analysis 

Voxel-based analysis 

All maps, which were the microvascular indices, ΔR2, ΔR2*, and ADC, were smoothed with 8 × 8 × 8 

mm
3
 full width of half maximum of Gaussian kernel. To compare all maps between the non-Tg and Tg groups, 

the voxel-based independent t-test was used. The month was used as a covariate. The significance level was 

p=0.001 without correcting for the multiple comparisons, and with the threshold of 30 contiguous voxels. The 

voxel-based analyses were performed to select brain areas to obtain the microvascular index values for the 

regions-of-interest (ROIs)-based analyses. 

 

ROI-based analysis 

Two methods were used to define ROIs. First, the results of the voxel-based analyses were used to 

define ROIs. The locations of the coordinates of the significant difference of microvascular indices between the 

non-Tg and Tg groups were selected as the center with the sphere radius = 5 mm. Note that we enlarged the 

images to 10 times the size of the original image. We obtained microvascular index values from the ROIs using 

the Marsbar tool (http://marsbar.sourceforge.net/).  

Second, ROIs were defined with the mouse brain atlas at the right and left somatosensory cortexes, 

CA1, hippocampi, dentate gyri, and thalami using the wfu_pickatlas tool 

(http://fmri.wfubmc.edu/software/pickatlas) and the Franklin and Paxinos atlas [33]. Figure 2 shows the ROIs 

defined by the two methods. To compare the index values between the non-Tg and Tg mice, the Mann-Whitney 

test was used with the significance level of p = 0.05 in the ROI analyses. MedCalc statistical software 

(http://www.medcalc.org/, Ostend, Belgium) was used to analyze the data. 

 

Histology 

Histology was performed in two different brain areas in the Tg and non-Tg mice. First, for vascular 

imaging with confocal microcopy at the left somatosensory cortexes, 0.1% TRITC-dextran (Sigma, 65~85 kDa) 
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with 5% gelatin solution was perfused through the heart. Subsequently, the brain was extracted and fixed with 4% 

PFA solution for approximately one day. For the frozen section, the brain was embedded into the Tissue-Tek 

OCT compound and sliced to a thickness of 50 μm. The slides were scanned with confocal microscopy 

(OLYMPUS, FV-1000, x10 magnification). One 5XFAD mouse and one wild type mouse were used to analyze 

vessel histology at the left somatosensory cortexes.  

Second, the other six-month-old male mice, which were four 5XFAD mice and three wild-type mice, 

were anesthetized with intraperitoneal injection of 2.5 % Avertin (2, 2, 2-tribromoethanol), and cardiac perfused 

immediately with PBS followed by 4 % paraformaldehyde in PBS. Areas of the brains surrounding the thalamus 

and hippocampus were excised and post-fixed overnight in 4% paraformaldehyde at 4°C and incubated in 30% 

sucrose at 4°C until equilibration. The brains were embedded into OCT compound blocks at −80 °C. Sequential 

30-µm coronal sections were obtained with a cryostat (CM30 50S; Leica) and free-floating brain sections were 

used to visualize brain vessels. Sections were incubated with Dylight 594-conjugated L. esculentum lectin 

(1:100, Vector Laboratories, DL-1177) and the samples were analyzed with a BX51 microscope (Olympus). The 

quantification of vessel areas in the hippocampus and thalamus was performed using Image J software. 

 

Results  

Figure 3 shows the representative maps of ΔR2 and ΔR2* relaxation rates, ADC, and microvascular 

indices obtained from the non-Tg (10 months) and Tg (2 months) mice. All maps were calculated after applying 

the Gaussian kernel of 0.25 × 0.25 × 1 mm
3
 to reduce the noise. The window level for each microvascular index 

was the same for non-Tg and Tg mice. 

 

Voxel-based analysis 

Figure 4 shows the resulting statistical maps of the voxel-based comparisons of the microvascular 

indices between the two groups. Note that there were no areas shown with large microvascular index values in 

the non-Tg group compared with the Tg groups. Table 1 summarizes the results of the voxel-based comparisons 
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for each microvascular index between the two groups. ΔR2 was greater in the Tg group than in the non-Tg 

group at the somatosensory cortex. ΔR2* was also greater in the Tg group than in the non-Tg group at the 

somatosensory cortex, cerebral cortex, and motor cortex. BVf had a similar result as the ΔR2*. The mVD, VSI, 

and MvWI were also greater in the Tg group than in the non-Tg group. The ADC and mean vessel density Q 

were not significantly different between the two groups.  

 

ROI-based analysis 

Table 2 lists the results of the ROI-based analysis of the microvascular indices to compare those 

between the non-Tg and Tg groups. ΔR2* and BVf were significantly different between the two groups at ROI 1 

to 5 and SOM but were not for other ROIs. The mVD and VSI were significantly different between the two 

groups at ROI 1 to 3 but were not different for other ROIs. MvWI was significantly different between the two 

groups at ROI 2 and ROI 3 to 5 but was not different for other ROIs. ΔR2 and Q were not significantly different 

between the two groups for all ROIs. Most ROIs defined by the result of the voxel-based analysis were 

significantly different between the two groups; however, most ROIs defined by the mouse brain atlas were not 

significantly different. Figure 5 shows the representative results of the comparisons of the microvascular indices 

obtained from the right somatosensory cortex (a.ROI2) and the hippocampus (b.HP) listed in Table 2. 

Microvascular indices were significantly increased in the Tg mouse compared with the non-Tg mouse in the 

right somatosensory cortex, but not in the hippocampus.  

 

Tissue histology 

Figure 6a shows vascular structures of the left somatosensory cortexes for a non-Tg mouse (left) and 

a 5xFAD Tg mouse (right). The microvascular vessels were destroyed in the Tg mouse, and the relatively large 

vessels are enlarged. Figure 6b shows the results of histology around the thalamus and hippocampus. The 

microvascular structures of the Tg mouse were similar to those of the non-Tg mouse. The dextran-positive area 

was slightly increased in the Tg mouse without statistical significance. This result might be associated with 

enlargement of vessel diameter. 
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Discussion 

CAA is responsible for the pathogenesis of AD, since Aß deposited in arteries or arterioles (less 

frequently in capillaries and veins) can cause microvascular degeneration. Some theories suggest that 

cerebrovascular dysfunction precedes cognitive decline, and the onset of neurodegenerative changes in AD 

indicate that cerebral hypoperfusion impairs the clearance of Aß from the brain, which is normally performed by 

the cells in the neurovascular unit. Therefore, Aß accumulates in blood vessels and in brain parenchyma. 

Comparison of Tg mouse models for AD to controls provides an excellent opportunity to study the impact of 

microvascular dysfunction on the progression of Aß deposition [34]. Therefore, the aim of this study was to 

noninvasively investigate microvascular architectures in the brain of the Tg AD-model using MRI. We obtained 

two important results. First, the microstructure in the AD-model with Tg mice was damaged in several regions 

of the brain. Second, the microvascular indices of mVD, VSI, and ΔR2* were sensitive to monitoring of the 

microvascular changes in the AD-model of the Tg mouse, while ΔR2 and Q were less sensitive. We discussed 

these findings in this session. Our findings may guide future attempts at applying microvascular imaging to the 

AD human brain. We suggest that the investigation of cerebral microvasculature using a high-field MRI in AD 

may be worthwhile to elucidate the pathophysiology of CAA in AD. 

 

Microstructures are damaged in the AD-model Tg mouse.  

Our results showed that the microvascular damages in the Tg mouse were spatially localized at the 

cortical areas, such as the primary and secondary somatosensory cortex, supported by the histology as seen in 

Figure 6. A previous animal study also showed that the relative cerebral blood volume in the AD mouse 

(APPswe/PS1dE9) model decreased mostly in the primary and secondary somatosensory areas [28]. However, 

other previous animal studies did not observe a decrease in microvascularity in the thalamus and hippocampus 
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[15; 35]. Previous studies showed that 5xFAD transgenic mice have many of the behavioral and 

neuropathological traits of AD, such as brain parenchymal Aβ accumulation, and manifest similarities to AD in 

human brain models, including abnormalities in the cerebral cortical microvasculture, and early impairment in 

cerebral blood flow and cerebrovascular autoregulation [15; 28]. In general, cerebral microvascular pathology 

causes senile cognitive dysfunction and neurodegeneration in the AD-model mouse [11]. The vascular amyloid-

β accumulation could impair cell function leading to vascular function impairment. 

A previous post-mortem study of the human AD brain showed vascular pathology factors, including 

Endothelin 1 (EDN1), vascular endothelial growth factor (VEGF), and von Willebrand factor (VWF) [35]. 

Recent human studies also showed evidence for impaired vasculature, a causative factor in AD pathology 

progression [3; 8]. In AD, vasoconstriction is caused by deposition of amyloid-β peptides, which resulted in the 

reduction of cerebral blood flow and impairment of both functional hyperemia and cerebral autoregulation, and 

is significantly correlated with the severity of small vessel disease-associated WM hypoperfusion, or cerebral 

amyloid angiopathy, in the neocortex. Vascular dysfunction in the brain has long been recognized as a 

contributing factor to the development of various brain diseases, including stroke, vascular dementia, and AD 

[36]. These topics have been studied in vivo, which include anatomy of the blood supply, tortuous vessels, 

venous collagenosis, string vessels (capillary remnants), decreased vascular density, and microembolic brain 

injury. Other vascular risk factors are basement membrane (BM) thickening, cerebral hypoperfusion, and 

extravasation of emboli. Microembolic injury of the cerebral vessels leads to cognitive decline, as AD and 

vascular cognitive impairment follow leukoaraiosis, which is a white matter (WM) degeneration characterized 

by gliosis, demyelination, and capillary degeneration, as well as endothelial dysfunction [9; 15; 37].  

 

ΔR2*, mVD, and VSI are sensitive to evaluation of changes in vascular structure in AD. 

Our results showed that ΔR2*, BVf, mVD, VSI, and MvWI sensitively detected the difference between 

the two groups at some ROIs defined by the voxel-based analysis; however, ΔR2 and Q did not. Furthermore, 

microvascular indices were not significantly different between the two groups at most ROIs defined by the 

mouse brain atlas. Cerebral microvessels, which include capillaries, small arterioles, and venules, exhibit 

multiple dynamic responses to morphological variations of the microvascular network together with neighboring 
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neurons. There is no way to image the microvascular network directly in the scale of micrometers. Therefore, 

parameters reflecting properties of the local microvascular network in the imaging scale are used in this study. 

∆R2* index was obtained with a multi-echo gradient-echo sequence before and after injecting the 

contrast agent for susceptibility weighting of all vessel sizes, increasing the difference between blood and the 

surrounding tissue. In general ∆R2* reflects total blood volume, including both macrovessels and microvessels; 

however, ∆R2 is a measure of primarily microvascular blood volume in capillaries and venules [18; 38; 39]. 

Therefore, our results demonstrated the increase of vessel diameter, which is represented by mVD. The BVf is 

also proportional to ∆R2*. Therefore, ∆R2* index may serve as a sensitive reliable marker in neurovascular 

pathology, to improve evaluation of microvascular architecture. A previous study showed that the ∆R2* index 

was affected by neurogenesis, such as the migration of neuroblasts, vascular remodeling, and increased vessel 

density, as well as dendritic plasticity, characterized by T2* shortening [39].  

The mVD and VSI measure the mean vessel diameter qualitatively and quantitatively, respectively. VSI 

is dependent on blood flow and oxygenation of the tissue, but less dependent on the geometry of blood vessels. 

VSI was considered as a noninvasive index to describe the pathologic changes of vessels in quantitative terms. It 

is a mathematically expressed parameter, more specifically, an averaged radius of all the microvessel sizes 

contained within an imaging voxel, and is understood as a mean vessel radius averaged over the capillary 

population with the weight of its volumetric fraction. Therefore, it is valuable to monitor the dilation and 

contraction of microvessels. The calculation of the quantitative VSI is based on the combined estimations of 

accurate CBV, ADC, and Q [38; 40]. The mVD (∆R2*/∆R2) probes the distribution of submillimeter caliber 

microvessels induced by a superparamagnetic contrast agent, and is a direct measure of the average vessel radius. 

However, intrinsic venous blood paramagnetism may result in systematic overestimation of vessel size, although 

it is less problematic for contrast agents with high susceptibility [20]. In this study, we found increased mVD 

and VSI in the Tg mice compared with the non-Tg mice, which was verified by the histological evaluation that 

showed an increased, relatively large vessel. According to a previous microvascular MR study using stroke 

model, the microvascular network demonstrated changes within the ischemic penumbra in terms of microvessel 

density and average vessel size, referring to Q and VSI, respectively. In the initial infarct, or penumbra area, the 

reduced microvessel density (Q) and increased mean vessel radius were observed compared to the normal region. 

These observations could be explained by a more pronounced effect of edema on the compression of small 
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capillaries as compared to larger arterioles and venules, leading to a shift in the calculated average vessel size. 

The vasodilation due to the autoregulation of the cerebral vascular network further results in the elevation of the 

VSI in the ischemic tissue. The VSI is able to monitor the dilation and contraction of microvessels [40; 41]. In 

AD, susceptibility differences due to amyloid plaque causes magnetic field distortions in the vicinity of the 

blood vessels, resulting in a decrease of the transverse relaxation times of protons in the extracellular or 

extravascular space, and intravascular presence of amyloid plaque in the vessel wall. The dephasing 

mechanisms that may generate signal changes in GE and SE experiments are related to the maximum value of 

the magnetic field gradient induced at the surface of a vessel. Therefore, we expect the significance of increased 

VSI in Tg mice to be proportionate to the susceptibility difference. In addition, previous studies showed that 

VSI was correlated with pathologic diagnosis, and histologic estimates, taking into account the diffusion rate 

and CA concentration [19; 26].  

The microvessel density (Q) is related to the VWF level, which is expected to increase capillary density 

in AD. The accurate quantification of mean vessel density is dependent on diffusion values on tissue 

microstructure, different tissue types, and in pathologic conditions [28; 39]. Although a previous animal study 

showed decreased Q in Tg mice compared with non-Tg mice [42], our results showed no significant differences 

between the two groups of mice on ADC and Q. Amyloid plaque causes microvascular injury, in which the 

vessel radius may be reduced, and effects on Larmor frequency at the vessel surface. As a result, diffusion 

length is reduced. The Q is independent of the susceptibility difference or ∆R2* induced by the CA. The quantity 

Q parameter, determined from the shifts in the transverse relaxation rates induced by the CA, only depends on 

intrinsic tissue properties independent of the CA concentration, and is related to microvessel density [24; 31]. 

This may lead to a reduction in the underestimation of intrinsic blood paramagnetism. For estimation of Q 

between normal tissue and microvascular compromised tissue, the comparison is not fitted because the 

maximum signal drop in the microvascular compromised tissue is reached much later than in normal tissue, with 

a significantly lower concentration of CA [31; 43]. The concept of Q is referred to as the parameter, indicating 

the relative change of microvessel density, instead of quantitative microvessel density. For the validity of 

analytic expressions relating Q to the microvessel density, a high dose of CA is required [44]. Therefore, the 

physiological interpretation of this parameter could be much more complicated than VSI. 

We used the MVWI (∆R2*×∆R2) as a voxel tool to map small blood vessels. It provides enhanced 



 

 

17 

 

sensitivity to visualize intra-cortical penetrating arterioles and venules deep within the animal brain through 

multiplication of segmentation and quantification [22]. In this study, we found increased MvWI in the Tg mice 

compared with the non-Tg mice. We expected that the microvascular blood volume (∆R2) would be increased in 

the Tg mice. Severe air-tissue interface blurring artifacts and overestimation of vessel radius due to ∆R2* under 

the magnetic field of high susceptibility was reduced by the effect of ∆R2 below the spatial resolution. Thus, the 

sensitivity of small blood vessels was increased with the solution of an extravascular signal contribution caused 

by relatively large-sized vessels, arterioles and venules, by MvWI, especially for angiogenesis [45]. 

 

Limitation 

In this study, we performed microvascular imaging using a 7-T animal MRI system in AD-model mice using 

blood pool CA of MION, with the advantage that the blood half-life of MION is several hours. However, in a 

human AD brain study, we cannot use MION; instead, we must use a Gadolinium-based contrast agent, as it is 

commonly applied in human studies. Most clinical studies in humans are performed using a 3-T MRI system. 

Therefore, to investigate microvascular changes in a human AD brain, we need to use 3-T MRI with a 

gadolinium-based contrast agent. This could be challenging for the study of microvascular imaging in human 

brain; however, it is important to evaluate microvascular alterations in the human AD brain. 

 

Conclusions 

We investigated cerebral microvascular injuries in the AD-model mouse brain using MRI techniques. We 

found that microvascular indices, including VSI, were significantly increased in the Tg mouse group compared 

with the non-Tg mouse group in the somatosensory cortex area, reflecting the vascular morphologic pathology 

of the Tg mice. This result may be related to vascular pathology or damages of the neurovascular unit in AD. 

Based on our results, investigation of microvascular structure in the human AD brain could be worthwhile using 

a clinical MRI system for early diagnosis and treatment monitoring in AD. 
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Abbreviations 

2DTW1: two dimensional T1-weighted image 

ADC: apparent diffusion coefficient 

BVf: blood volume fraction 

CA: contrast agent 

CBV: cerebral blood volume 

DG: dentate gyrus 

DWI: diffusion-weighted image 

FA: flip angle 

FLASH: fast low angle shot magnetic resonance imaging 

FOV: field-of-view 

GE: gradient-echo 

HP: hippocampus 

MESE: multi-echo spin-echo 

MEGE: multi-echo gradient-echo 

MION: monocrystalline iron oxide nanoparticle 

mVD: mean vessel diameter 

MvWI: microvessel weighted image 

nonTg mouse: control mouse 

Q: mean vessel density 

RARE: rapid acquisition with refocused echoes 

ROI: region-of-interest 

SE: spin-echo 

SOM: somatosensory cortex 

T1 FLASH: T1-weighted fast low angle shot 

VBM: voxel-based-morphometry 

VSI: vessel size index 

TE: echo time 

Tg mouse: transgenic mouse 

TH: thalamus 

TR: repetition time 
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Figure Legends 

 

Figure 1. Scan protocol and imaging acquisition sequences 

R2 and R2* maps were calculated to map blood volume fraction (BVf), vessel size index (VSI), mean vessel 

diameter (mVD), mean vessel density (Q), and microvessel-weighted imaging (MvWI). 

T1 FLASH: T1-weighted fast low angle shot (FLASH) to obtain brain anatomic information 

2DT1W: 2D T1-weighted (T1W) imaging to obtain brain structure 

DWI: diffusion-weighted imaging (DWI) to map apparent diffusion coefficient (ADC) 

ME GE: multi-echo (ME) gradient-echo (GE) to map R2* relaxation rate before (pre) and after (post) injection 

of contrast agent 

ME SE: multi-echo (ME) spin-echo (SE) to map R2 relaxation rate before (pre) and after (post) injection of 

contrast agent 

Pre & Post: imaging before (pre) and after (post) injection of contrast agent 

CE: contrast enhancement with the monocrystalline iron oxide nanoparticle (MION) 

 

Figure 2. Regions-of-interest (ROIs) defined by the mouse brain atlas (a) and the results of the voxel-

based analyses (b) 

(a)ROIs were defined by using the mouse brain atlas based on the wfu_pickatlas tool 

(http://fmri.wfubmc.edu/software/pickatlas) and Franklin and Paxinos atlas [33]. The defined ROIs were the 

right and left somatosensory cortexes, CA1, hippocampi, dentate gyri, and thalami. 

(b)ROIs were defined by using the result from the voxel-based analyses with the 5 mm radius sphere at the 

center locations of the coordinate of the significant difference of the microvascular indices between the non-Tg 

and Tg groups. The detailed areas were also listed in Table 1 as: cerebral cortex general region (ROI1), 

somatosensory cortex (ROI2, ROI3, ROI4), and auditory cortex (ROI5). 

 

Figure 3. Representative maps of ΔR2 and ΔR2* relaxation rates, ADC, and the microvascular indices 

obtained from the non-Tg (10 months) and Tg (2 months) mice 

All maps were calculated after applying the Gaussian kernel of 0.25 x 0.25 x 1 mm
3
 to reduce the noise. The 

window level for each microvascular index was the same for non-Tg and Tg mice. 

ΔR2 (s
-1

) and ΔR2* (s
-1

) are the differences of the relaxation rates before (pre) and after (post) injection of the 

contrast agent: ΔR2 = postR2- preR2 and ΔR2* = postR2*- preR2*. 
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ADC, apparent diffusion coefficient (10
-3 

mm
2
/s); BVf, blood volume fraction (%); mVD, mean vessel diameter 

(unitless); Q, mean vessel density ( s
-1/3

); VSI, vessel size index (μm); MvWI, microvessel-weighted image ( s
-2

) 

 

Figure 4. Result maps of the voxel-based comparisons between the non-Tg and Tg groups of ΔR2* (a), 
blood volume fraction (BVf) (b), and mean vessel diameter (mVD), vessel size index (VSI), and 

microvessel-weighted image (MvWI) (c) 

Red color indicates increased microvascular indices in the Tg mouse group compared with in the non-Tg mouse 

group. There were no areas shown in greater indices in the non-Tg mouse group than in the Tg group. 

The significant level was used with the p=0.001 without correcting the multiple comparisons and with the 

threshold of 30 contiguous voxels. 

 

Figure 5. Representative results of comparisons of the microvascular indices obtained from the right 

somatosensory cortex (a.ROI2) and the hippocampus (b.HP) listed in the Table 2 

Note that the result in MvWI is scaled by 1/10. 

The vertical axis indicates the values of each index and therefore the unit is depended on the index. 

The vertical solid bar indicates the standard deviation of the index within the group. 

“*” indicates a significant difference of the index between the two groups. 

 

Figure 6. Brain tissue histology to obtain vascular structures of the left somatosensory cortexes (6a) and around 

the thalamus and hippocampus (6b) for non-Tg mice and 5xFAD Tg mice 

In the left somatosensory cortexes, the microvascular vessels were destroyed in the Tg mouse and the relatively 

large vessel is enlarged. In the thalamus and hippocampus, the microvascular structures of the Tg mouse were 

similar to those of the non-Tg mouse, but the entire volume of the vascular was increased in the Tg mouse 

because some of vessels were enlarged in the diameter. 

 

 

 



Figures

Figure 1

Scan protocol and imaging acquisition sequences R2 and R2* maps were calculated to map blood
volume fraction (BVf), vessel size index (VSI), mean vessel diameter (mVD), mean vessel density (Q), and
microvessel-weighted imaging (MvWI). T1 FLASH: T1-weighted fast low angle shot (FLASH) to obtain
brain anatomic information 2DT1W: 2D T1-weighted (T1W) imaging to obtain brain structure DWI:
diffusion-weighted imaging (DWI) to map apparent diffusion coe�cient (ADC) ME GE: multi-echo (ME)
gradient-echo (GE) to map R2* relaxation rate before (pre) and after (post) injection of contrast agent ME
SE: multi-echo (ME) spin-echo (SE) to map R2 relaxation rate before (pre) and after (post) injection of
contrast agent Pre & Post: imaging before (pre) and after (post) injection of contrast agent CE: contrast
enhancement with the monocrystalline iron oxide nanoparticle (MION)

Figure 2



Regions-of-interest (ROIs) de�ned by the mouse brain atlas (a) and the results of the voxel-based
analyses (b) (a)ROIs were de�ned by using the mouse brain atlas based on the wfu_pickatlas tool
(http://fmri.wfubmc.edu/software/pickatlas) and Franklin and Paxinos atlas [33]. The de�ned ROIs were
the right and left somatosensory cortexes, CA1, hippocampi, dentate gyri, and thalami. (b)ROIs were
de�ned by using the result from the voxel-based analyses with the 5 mm radius sphere at the center
locations of the coordinate of the signi�cant difference of the microvascular indices between the non-Tg
and Tg groups. The detailed areas were also listed in Table 1 as: cerebral cortex general region (ROI1),
somatosensory cortex (ROI2, ROI3, ROI4), and auditory cortex (ROI5).

Figure 3

Representative maps of ΔR2 and ΔR2* relaxation rates, ADC, and the microvascular indices obtained
from the non-Tg (10 months) and Tg (2 months) mice All maps were calculated after applying the
Gaussian kernel of 0.25 x 0.25 x 1 mm3 to reduce the noise. The window level for each microvascular
index was the same for non-Tg and Tg mice. ΔR2 (s-1) and ΔR2* (s-1) are the differences of the
relaxation rates before (pre) and after (post) injection of the contrast agent: ΔR2 = postR2- preR2 and
ΔR2* = postR2*- preR2*. ADC, apparent diffusion coe�cient (10-3 mm2/s); BVf, blood volume fraction
(%); mVD, mean vessel diameter (unitless); Q, mean vessel density ( s-1/3); VSI, vessel size index (μm);
MvWI, microvessel-weighted image ( s-2)



Figure 4

Result maps of the voxel-based comparisons between the non-Tg and Tg groups of ΔR2* (a), blood
volume fraction (BVf) (b), and mean vessel diameter (mVD), vessel size index (VSI), and microvessel-
weighted image (MvWI) (c) Red color indicates increased microvascular indices in the Tg mouse group
compared with in the non-Tg mouse group. There were no areas shown in greater indices in the non-Tg
mouse group than in the Tg group. The signi�cant level was used with the p=0.001 without correcting the
multiple comparisons and with the threshold of 30 contiguous voxels.



Figure 5

Representative results of comparisons of the microvascular indices obtained from the right
somatosensory cortex (a.ROI2) and the hippocampus (b.HP) listed in the Table 2 Note that the result in
MvWI is scaled by 1/10. The vertical axis indicates the values of each index and therefore the unit is
depended on the index. The vertical solid bar indicates the standard deviation of the index within the
group. “*” indicates a signi�cant difference of the index between the two groups.



Figure 6

Brain tissue histology to obtain vascular structures of the left somatosensory cortexes (6a) and around
the thalamus and hippocampus (6b) for non-Tg mice and 5xFAD Tg mice In the left somatosensory
cortexes, the microvascular vessels were destroyed in the Tg mouse and the relatively large vessel is
enlarged. In the thalamus and hippocampus, the microvascular structures of the Tg mouse were similar
to those of the non-Tg mouse, but the entire volume of the vascular was increased in the Tg mouse
because some of vessels were enlarged in the diameter.


