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Abstract

Two distinct types of microscopic diffusion anisotropy (MA) are compared in brain for both 

normal control and transgenic (3xTg-AD) mice that develop Alzheimer’s disease pathology. 

The first type of MA is the commonly used microscopic fractional anisotropy (μFA), and the 

second is a new MA measure referred to as μFAʹ. These two MA parameters have different 

symmetry properties that are central to their physical interpretations. Specifically, μFA is invariant 

with respect to local rotations of compartmental diffusion tensors while μFAʹ is invariant with 

respect to global diffusion tensor deformations. A key distinction between μFA and μFAʹ is 

that μFA is affected by the same type of orientationally coherent diffusion anisotropy as the 

conventional fractional anisotropy (FA) while μFAʹ is not. Furthermore, μFA can be viewed as 

having independent contributions from both FA and μFAʹ, as is quantified by an equation relating 

all three anisotropies. The normal control and transgenic mice are studied at ages ranging from 

2 to 15 months with double diffusion encoding MRI being used to estimate μFA and μFAʹ. In 

low FA brain regions, μFA and μFAʹ are nearly identical, but they show notable differences when 

FA is large. In particular, μFA and FA are found to be strongly correlated in the fimbria, but 

μFAʹ and FA are not. In addition, both μFA and μFAʹ are seen to increase with age in the corpus 

callosum and external capsule, and modest differences between normal control and transgenic 

mice are observed for μFA and μFAʹ in the corpus callosum and for μFA in the fimbria. The triad 

of FA, μFA, and μFAʹ is proposed as a useful combination of parameters for assessing diffusion 

anisotropy in brain.

Graphical Abstract

*Corresponding author at: Department of Neuroscience, Medical University of South Carolina, Basic Science Building, MSC 510, 173 
Ashley Avenue, Suite 403, Charleston, SC, 29425, jense@musc.edu. 

HHS Public Access
Author manuscript
NMR Biomed. Author manuscript; available in PMC 2024 January 01.

Published in final edited form as:
NMR Biomed. 2023 January ; 36(1): e4816. doi:10.1002/nbm.4816.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Two different types of microscopic diffusion anisotropy may be defined and quantified with 

double diffusion encoding MRI. These are investigated in brain for both normal mice and 

transgenic mice that develop Alzheimer’s disease pathology. The metrics for the two types of 

anisotropy (μFA and μFAʹ) are characterized by distinct symmetry properties that are reflected in 

the metrics’ experimental values, particularly in white matter regions.
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1 | INTRODUCTION

Diffusion anisotropy is prominent in brain tissue largely because water diffusion is restricted 

by elongated cytoarchitectural structures such as axons and dendrites.1 It is most commonly 

quantified by the diffusion MRI (dMRI) measure of fractional anisotropy (FA), which can be 

calculated from the diffusion tensor.2,3 However, the FA is insensitive to diffusion anisotropy 

when the microstructural elements lack orientational coherence over the length scale set by 

the imaging voxel dimensions.4,5 For example, the FA in gray matter is often found to be 

low despite strong diffusion anisotropy on the microscopic length scale of individual cells.

Diffusion anisotropy that incorporates information from scales comparable to the diffusion 

length for the dMRI experiment (typically 5–20 μm) regardless of macroscopic orientation 

coherence is referred to as microscopic diffusion anisotropy or simply microscopic 

anisotropy (MA).4–7 There are at least two different conceptions of this.8 Type-I MA reflects 

diffusion anisotropy arising from both orientationally coherent and incoherent diffusion 

restrictions. Thus any diffusive media with a nonzero FA would also have a nonzero type-I 

MA. Alternatively, one can define type-II MA as diffusion anisotropy that is purely a 

consequence of incoherent diffusion restrictions so that type-II MA can vanish even if the 

FA is nonzero.

The above descriptions of type-I and II MA are imprecise, but one can define quantitative 

diffusion measures that instantiate these concepts. The purpose of this paper is to compare 

a type-I MA measure known as the microscopic FA (μFA) with a type-II MA measure 

that we refer to as μFAʹ. We do this in vivo using both a transgenic (TG) mouse model 

of Alzheimer’s disease (AD) and normal control (NC) mice over an age range of 2 to 
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15 months. The TG mouse model (3xTg-AD) mimics AD pathology in developing both 

beta-amyloid plaques and neurofibrillary tangles.9 Figure 1 gives a schematic that illustrates 

the qualitative distinctions between FA, μFA, and μFAʹ.

In order to estimate μFA and μFAʹ, we apply a double diffusion encoding (DDE)10 MRI 

method known as double-pulsed diffusional kurtosis imaging (DP-DKI).8,11,12 The study of 

MA has been one of the main applications of DDE MRI,10 and DP-DKI is a specific version 

based on an extension of the formalism of conventional (i.e., single diffusion encoding) 

diffusional kurtosis imaging.13,14

2 | METHODS

2.1 | Definition of μFA and μFAʹ

In order to precisely define quantitative metrics of MA, it is necessary to idealize diffusing 

water molecules as being restricted to non-exchanging compartments or pores. In brain, 

these can be identified with the intracellular and extracellular spaces, but it should be kept 

in mind that water exchange may be important for some dMRI experiments depending on 

the details of the signal acquisition and brain region. In practice, estimated MA values 

largely reflect diffusion anisotropy of compartments in which the exchange times are long in 

comparison to the diffusion and mixing times for the dMRI sequence employed.

Since the compartments are taken to be non-exchanging, each has a well-defined diffusion 

tensor with three eigenvalues. The μFA is calculated from the average variance of 

compartmental eigenvalues, δ2λc, according to4,5,7,8

μFA ≡ 3
2 1 + D2

δ2λc

− 1
2
, (1)

where D is the mean diffusivity for the full ensemble of compartments. This formula is 

motivated by an analogous one for the FA in terms of the variance of the eigenvalues, δ2λ, 

for the total diffusion tensor, namely

FA = 3
2 1 + D2

δ2λ

− 1
2
, (2)

which can be verified from the usual definition of FA in terms of diffusion tensor 

eigenvalues.3 One may also prove the inequality 0 ≤ FA ≤ μFA ≤ 3/2, which holds in 

addition to the standard FA inequality of 0 ≤ FA ≤ 1.

Here we introduce the type-II MA measure defined by

μFA′ ≡ 3
2 1 + D2

δ2λc − δ2λ

− 1
2
, (3)
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so that μFA′ = 0 when δ2λc = δ2λ. In addition, it follows directly from Equations 1 and 3 

that 0 ≤ μFA′ ≤ μFA. From Equations 1–3, one may further show that

μFA2

3 − 2μFA2 = FA2

3 − 2FA2 + μFA′2

3 − 2μFA′2
. (4)

This is reminiscent of the standard formula R2* = R2 + R2′ that relates transverse relaxation 

rates,15,16 albeit with more complicated functional forms. Equation 4 implies that any of 

these three anisotropies can be calculated from the other two. It also shows that if FA > μFA′ 
then macroscopic anisotropy contributes more to μFA than type-II MA.

An important property of μFAʹ is that it is invariant under the transformation

D m D m + A − 1
3tr A I, (5)

where D(m) is the diffusion tensor for the mth compartment, A is an arbitrary, symmetric 

“deformation” tensor, and I is the identity tensor. This means that a global deformation of 

the compartmental diffusion tensors does not affect μFAʹ even though it does alter both 

FA and μFA. In this way, μFAʹ is specifically sensitive to diffusion anisotropy that is not 

orientationally coherent, as required for type-II MA. A proof that μFAʹ has this symmetry 

property is sketched in Appendix A. (N.B., some choices of A may result in a deformed 

diffusion tensor having unphysical negative eigenvalues. In such cases, the transformation of 

Equation 5 should be understood in purely mathematical terms.)

Although μFA is not invariant with respect to the transformation of Equation 5, it is invariant 

with respect to independent (local) rotations of the compartmental diffusion tensors, which 

neither FA nor μFAʹ is. These two symmetries—global deformation invariance and local 

rotation invariance—serve to characterize μFAʹ and μFA, respectively, and are central 

to their physical interpretations. Figure 2 demonstrates the two symmetries for a simple 

example with three compartments. The three anisotropy measures of FA, μFA, and μFAʹ 
are also all invariant with respect to global rotations since they are constructed solely from 

scalar quantities and thus independent of orientation.

The orientational order parameter (OP)4,5,17 and anisotropic kurtosis (Kaniso),18,19 which are 

both used to describe diffusion anisotropy, are related to μFAʹ and μFA by

μFA′2

3 − 2μFA′2
= 1 − OP2 μFA2

3 − 2μFA2 = 5
12 1 − OP2 Kaniso . (6)

Thus, μFAʹ = 0 when OP = 1, and μFAʹ = μFA when OP = 0. A consequence of Equation 

6 is that OP is a measure of neither a type-I nor type-II MA since it lacks the required 

symmetry properties. However, Kaniso is a proper type-I MA parameter with an information 

content identical to μFA.
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2.2 | DP-DKI

DDE MRI sequences have two diffusion encoding time intervals.10 During each interval, 

the movement of a given water molecule can be described by a three-dimensional (3D) 

displacement vector. Let us call these s1 and s2. A basic idea behind DP-DKI is that 

these two 3D vectors can be conveniently concatenated into a single six-dimensional (6D) 

displacement vector s ≡ s1, s2 , where we use a tilde to signify a 6D quantity.8,11,12,20 The 

distribution of displacements for the ensemble of diffusion molecules is then fully described 

by a single 6D probability density function. Associated with this 6D probability density 

function are a 6D diffusion tensor D and a 6D kurtosis tensor W, which are defined in 

analogy with the usual 3D case that applies to single diffusion encoding. These two tensors 

encapsulate all of the DDE MRI information available to second order in the b-value. They 

can be estimated from DDE MRI data using fitting algorithms that are direct extensions of 

conventional DKI methods except with more parameters to calculate since the 6D tensors 

have more components. It should be noted that the conventional 3D diffusion tensor D and 

kurtosis tensor W can be extracted as subtensors from D and W. The relationship between 

the 6D approach used here and an equivalent 3D formalism of Jespersen21 is described in 

Ref. 11.

For the purposes of this paper, we only need to consider three scalar measures that are 

derivable from D and W. The first is the mean of 3D kurtosis tensor given by22,23

W = 1
5 W 1111 + W 2222 + W 3333 + 2W 1122 + 2W 1133 + 2W 2233 , (7)

where Wijkl is a component of W. The second is the mean of the 6D kurtosis tensor given 

by8,11,12,20

W = 1
8 W 1111 + W 2222 + W 3333 + 2W 1122 + 2W 1133 + 2W 2233

+ W 1144 + W 2255 + W 3366 + 2W 1155 + 2W 1166 + 2W 2266 ,
(8)

W αβγδ is a component of W. Finally, we use the conventional FA, which is determined from 

D according to Equation 2.

While both W  and W  are generally valid measures of diffusional kurtosis, they can be 

explicitly related to the compartmental diffusion tensor eigenvalues for the special case that 

the diffusive media consists of non-exchanging, Gaussian compartments. Specifically, one 

can show that the difference between the 3D and 6D mean kurtosis is8

δW ≡ W − W = 9
20D2 δ2λc − δ2λ . (9)

By combining Equations 3 and 9, we then find

μFA′ ≡ 3
2 1 + 9

20δW
− 1

2 = 30δW
9 + 20δW . (10)
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Thus, μFA′ can be easily determined from the means of the 3D and 6D kurtosis tensors with 

the help of Equations 7–10. Given FA and μFA′, one can then find μFA from Equation 4. In 

prior work, δW  is proposed as an index of type-II MA.8 Here we have introduced μFA′ since 

it is more directly analogous to FA and μFA. Nonetheless, as is evident from Equation 

10, δW  and μFA′ contain the same information. We emphasize that this relationship 

between δW  and μFA′ is contingent upon an assumption of non-exchanging, Gaussian 

compartments, which we adopt in this paper for our data analysis, as have several related 

studies.4,5,7,17,24–27 Importantly, however, the definitions of μFA and μFA′, their symmetry 

properties, and the interrelationship of Equation 4 do not require the compartments to be 

Gaussian.

While non-exchanging, Gaussian compartments are assumed for a variety of other dMRI 

approaches,28–30 many of these include additional assumptions, such as a specific number 

of compartments and detailed constraints on their compartmental diffusion tensors, which in 

some cases have been controversial.31,32 Thus, the presuppositional weight of the approach 

followed here is relatively modest. Nonetheless, diffusion restrictions, as found in the brain, 

do typically result in some degree of intracompartmental non-Gaussianity,18,19 which may 

impact the accuracy of estimates for μFA′ obtained from Equation 10.

2.3 | Animals

Our experiments used 32 TG and 25 NC female mice with ages ranging from 2 to 15 

months, and they were performed under a protocol approved by the Institutional Animal 

Care and Use Committee of the Medical University of South Carolina. All mice were 

obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and housed in climate-

controlled rooms on a 12-hr light/dark cycle in an accredited animal care facility. The TG 

mouse model was 3xTg-AD [B6;129-Psen1tm1Mpm Tg(APPSwe,tauP301L) 1Lfa/Mmjax; 

MMRRC Stock No: 34830-JAX|3xTg-AD]. This model develops both beta-amyloid plaques 

and neurofibrillary tangles in brain as the mice age, and it is a widely used to investigate AD 

pathology.9,33 The NC mice (101,045 B6129SF2/J) were recommended controls for the TG 

mice. We selected only females since male 3xTg-AD mice do not consistently develop AD 

pathology.34,35

2.4 | Imaging

For scanning with MRI, mice were anesthetized using an isoflurane vaporizer set at 3% for 

induction and 2% for data acquisition. Both respiration and rectal temperature were recorded 

with an animal monitoring unit (SA instruments, Inc., model 1025, Stony Brook, NY), and 

body temperature was maintained using ventilated warm air. To minimize motion artifacts, 

mice were restrained with tooth and ear bars. During the scans, body temperature was stable 

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

All mice were scanned in vivo on a Bruker 7T BioSpec 70/30 MRI system (Billerica, MA, 

USA) having a maximum gradient amplitude of 440 mT/m and running ParaVision 5.1 

software. A four-channel head coil was employed for signal reception. Imaging data were 

acquired using a previously described, custom DDE MRI pulse sequence with a two-shot 

echo planar readout and partial Fourier acceleration of 1.5.11 The main image parameters 
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were: TR = 3000 ms, TE = 51.3 ms, diffusion time = 11 ms, pulse duration = 5.3 ms, mixing 

time = 20.8 ms, acquisition matrix = 128×128, number of slices = 6 (no gap), FOV = 20×20 

mm2, slice thickness = 0.7 mm, in-plane resolution = 0.156×0.156 mm2, 80 (6D) diffusion 

encoding directions, 6 nonzero b-values for each diffusion encoding direction (500, 1000, 

1500, 2000, 2500, and 3000 s/mm2), 2 repetitions, and 10 acquisitions with the b-value set 

to 0. The total acquisition time for this sequence was 98 minutes. The 6D diffusion encoding 

directions were optimized for DP-DKI as described in previous work.12 An advantage of 

using DDE MRI with short pulse durations, compared to alternative magic angle spinning of 

the q-vector methods,17,36 is relative insensitivity to any diffusion tensor time dependence.37

Coronal DDE MRI images were obtained for each mouse at a single time point between 2 

and 15 months of age. Images from 1 TG mouse and 2 NC mice were excluded from the 

data analysis due to excessive ghosting artifacts. Of the remaining mice, 8 TG and 6 NC 

mice were scanned at 2 months, 8 TG and 6 NC mice were scanned at 5 months, 5 TG and 

4 NC mice were scanned at 8 months, 5 TG and 5 NC mice were scanned at 12 months, and 

5 TG and 2 NC mice were scanned at 15 months. Direction-averaged DDE MRI images for 

one mouse are provided in the Supporting Information (Figure S1).

2.5 | Data processing

Preprocessing of the DDE MRI data included denoising,38 motion correction, Gaussian 

smoothing with a kernel of 1.25 times the voxel dimensions, and rectified noise bias 

correction. The noise bias correction was based on the standard method proposed by 

McGibney and Smith39 and by Miller and Joseph40 generalized to multiple channel coils, 

as described in Appendix B. The 6D diffusion and kurtosis tensors were obtained using 

in house software that implemented the method of Shaw and coworkers,12 which employs 

a constrained weighted least squares fitting algorithm similar to ones routinely used for 

DKI.41,42

Parametric maps of μFA′ were then constructed by applying Equations 7–10. The 3D 

diffusion tensor was extracted as a subtensor from the 6D diffusion tensor and used to 

calculate the FA maps. Finally, μFA maps were determined from the formula

μFA = 3 ⋅ 3FA2 + 3μFA′2 − 4FA2μFA′2

9 − 4FA2μFA′2
. (11)

which follows from Equation 4. The corresponding formula for calculating μFA′ from FA 

and μFA is

μFA′ = 3 μFA2 − FA2

9 − 12FA2 + 4FA2μFA2 . (12)

While Equation 12 was not needed in our data analysis, it may be useful in conjunction with 

other dMRI approaches4,5,7,17,24–26,43,44 that estimate μFA more directly and is given here 

for the sake of completeness.
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A region of interest (ROI) analysis was used to compare the three anisotropies within the 

fimbria (Fi), corpus callosum (CC), external capsule (EC), dorsal hippocampus (DH), and 

ventral hippocampus (VH). For these five brain regions, all ROIs were drawn manually on 

FA maps by a single individual (JV), guided by comparison with a standard mouse atlas,45 

and confirmed by an experienced neuropathologist (MFF). The analysis was not blinded 

with respect to age or mouse type. Example ROIs are shown in Figure 2. The ROIs for the 

Fi, CC, EC, DH, and VH contained voxels from 3, 5, 5, 2 and 2 imaging slices, respectively, 

and voxels from the left and right sides of the brain were pooled. The Fi, CC, and EC are 

considered to be white matter while the DH and VH are considered to be gray matter. The 

regional values for dMRI measures were obtained by averaging all voxels within an ROI 

except for those with D > 1.5 μm2/ms, which were excluded to reduce partial volume effects 

due to cerebrospinal fluid. Correlations between parameters were assessed with coefficients 

of determination (R2) for linear least squares fits to the data. Group comparisons used a 

two-tailed t-test assuming unequal variances.

3 | RESULTS

Representative FA, μFA, and μFAʹ maps are given in Figure 4 for a single coronal brain 

slice of an NC mouse (top row) and a TG mouse (bottom row). Observe that μFA is larger 

than both FA and μFAʹ throughout the brain since it incorporates contributions from each, as 

suggested by Equation 4. In low FA regions, μFA and μFAʹ are nearly the same. However, 

in high FA regions, μFA is noticeably larger than μFAʹ. This can be seen, for example, in Fi 

(red arrows) as well as in other white matter regions. The relative elevation in μFA reflects 

the impact of macroscopic anisotropy, which is absent from μFAʹ.

Figure 5 plots the values of FA, μFA, and μFAʹ for all five brain regions considered at all 

five ages from all 54 mice that had acceptable quality DDE MRI images. Also shown are 

best fit linear regression lines along with coefficients of determination and p-values. Solid 

lines are used for significant correlations (p < 0.05) while dotted lines are used otherwise. 

Significant correlations are seen for all three anisotropies in CC and EC as well as for FA in 

DH. In all of these cases, the slopes of the regression lines are positive reflecting an increase 

in anisotropy with age. However, the correlations were only moderate in strength with the 

highest coefficient of determination being R2 = 0.26 for the μFA in CC. In calculating 

these correlations, the two groups were pooled for the sake of simplicity. However, in the 

cases that significant correlations were found for the pooled data, the individual group 

correlations with age were also statistically significant with the exceptions of the μFA and 

μFAʹ correlations in EC for NC mice.

The correlations between the three anisotropies for all five brain regions are given in Figure 

6. The μFA and μFAʹ are strongly correlated in all regions. In EC, DH, and VH, the R2 

values were 0.99 showing that these two anisotropies have virtually identical information 

content. However, for Fi and CC, the correlations are substantially lower (R2 = 0.66 and 

0.85). The μFA is also strongly correlated with FA in the three white matter regions (R2 = 

0.47, 0.54, and 0.55). While μFAʹ is strongly correlated with FA in EC (R2 = 0.45), it is only 

moderately correlated with FA in CC (R2 = 0.17) and not significantly correlated with FA in 
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Fi. This contrast in the correlations with FA for the two types of MA reflects the fact that 

μFA includes contributions from macroscopic anisotropy while μFAʹ does not.

A comparison of the anisotropies for NC and TG mice is provided in Figure 7, with the 

data from all five time points being pooled together. The values for the NC and TG mice are 

similar, but significant differences are found in a few cases. Specifically, group differences 

for FA and μFA are found in Fi (p = 0.035 and 0.009), for μFA and μFAʹ in CC (p = 

0.040 and 0.045), and for FA in both DH and VH (p = 0.016 and p < 10−4). These p-values 

have not been corrected for multiple comparisons, but the FA difference in VH would 

survive a Bonferroni correction with 15 comparisons. Inspection of Figure 5(m) suggests 

that this difference for VH is driven primarily by the data at ages 5 and 8 months, which is 

early relative to the development of AD pathology in the TG mouse model9,27 but broadly 

consistent with histological observations of hippocampal myelin abnormalities for 3xTg-AD 

mice at 2 and 6 months.46

4 | DISCUSSION

A primary advantage of DDE MRI over conventional single diffusion encoding dMRI 

is its sensitivity to MA.10 A commonly used measure for MA is μFA, as defined by 

Equation 1.4,5,7,17,24–26,43,44 The μFA is characterized by invariance with respect to local 

rotations of compartmental diffusion tensors—a symmetry not shared by FA. Here we have 

proposed μFAʹ as a new MA measure defined by Equation 3. The characteristic symmetry 

for μFAʹ is invariance with respect to global deformations in the compartmental diffusion 

tensors of the form given by Equation 5. The μFA, in contrast, does not possess global 

deformation invariance, but it is worth noting that the minimum μFA over all possible global 

deformations is precisely μFAʹ. In this sense, μFAʹ can be viewed as the residual part of μFA 

after its macroscopic component has been removed. These two MA measures are specific 

examples the type-I and type-II MA as discussed above and elsewhere.8

An explicit relationship between FA, μFA, and μFAʹ is provided by Equation 4. This 

shows that given any two of these three quantities the third can be calculated. The three 

anisotropies thus form a triad similar to R2, R2*, and R2ʹ. Each of these three transverse 

relaxivities provides complementary information,16 and we have argued that the same holds 

true for FA, μFA, and μFAʹ. In particular, as expressed by Equation 4, μFA can be regarded 

as having contributions from FA (macroscopic anisotropy) and μFAʹ (type-II MA). Thus 

knowledge of μFAʹ can inform the physical interpretation of μFA. For example, if FA ≫ 
μFAʹ, then μFA would reflect mostly anisotropy that is orientationally coherent. The μFAʹ 
may be of particular interest in brain regions, such as the corpus striatum, that consist of 

multiple components with differing degrees of orientational coherence. Here it could help 

determine whether group differences observed for FA and μFA are associated mainly with 

coherent structures (e.g., myelinated fiber bundles) or also involve a more orientationally 

disordered component (e.g., unmyelinated neurites). Formulae for obtaining either μFA or 

μFAʹ from the other two anisotropies are given by Equations 11 and 12.

For mouse brain, we find μFA and μFAʹ to be similar in the brain regions investigated, but 

they show important differences in their correlations with FA. Most notably, μFA and FA 
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are highly correlated in Fi while μFAʹ and FA are not. This reflects a strong contribution 

to μFA from macroscopic anisotropy that is absent for μFAʹ. Our mouse brain results also 

show that both μFA and μFAʹ increase with age in CC and EC, suggesting these parameters 

may be useful in tracking age-related microstructural changes. In addition, we find modest 

differences between NC and TG mice for both μFA and μFAʹ in CC and for μFA in Fi, but 

these should be interpreted with caution considering the wide range in ages (2–15 months) 

and the relatively small number of animals assessed at each time point.

We also observe a significant increase in FA with age in the CC, EC, and DH. This is 

in contrast with two prior dMRI studies of 3xTg-AD mice which did not find significant 

changes in FA with age.47,48 However, the age for the first time point (2 months) in our 

study is substantially younger than that of the two prior studies (11 months47 and 4.5 

months48). Indeed, when this first time point is excluded from our analysis, we no longer 

obtain significant correlations between FA and age.

As suggested by Figures 4–7, the apparent precisions of μFA and μFAʹ estimates are similar 

for our experiment. However, this observation may not to generalize to other DDE MRI 

approaches that employ different methods. An in-depth study of the precision and accuracy 

for DDE MRI measurement of μFA is given by Kerkelä and coworkers.49

There are three important limitations to this study. First, the definitions of both μFA and 

μFAʹ assume distinct microstructural compartments. Because intercompartmental water 

exchange can be significant in brain,50 the estimated values of these two parameters may 

depend somewhat on the diffusion and mixing times of the DDE MRI pulse sequence, 

which affect the extent to which water molecules stay within a single compartment during 

the signal acquisition. Second, although not necessary for their definitions, our method 

for measuring μFA and μFAʹ also assumes Gaussian diffusion within each compartment. 

While many brain tissue microstructural models share this assumption,4,5,7,17,24–30,51 there 

is recent evidence of a small intracompartmental kurtosis in healthy brain12,18,52 and 

more substantial values for ischemic stroke.53 Third, the image acquisition time (98 min) 

for our experiment is rather long. However, that is due to the use of 80 6D diffusion 

encoding directions and 6 nonzero b-values. This large number of diffusion encoding 

directions was chosen in order to determine the full 6D diffusion and kurtosis tensors, 

which requires a minimum of 66 directions.12 As discussed in prior work,8,11 sufficient 

data can be acquired for estimation of FA and δW  (and hence μFA and μFAʹ) from just 

21 directions and 2 nonzero b-values. Therefore, substantially shorter image acquisitions 

should be possible with our approach. In addition, other established methods for estimating 

μFA4,5,7,17,24–27,43,44 could be easily extended to also determine μFAʹ (e.g., by using 

Equation 12).

5 | CONCLUSION

We have provided a direct comparison of two different types of MA in brain for both NC 

and 3xTg-AD mice, which exhibit the major hallmarks of AD pathology, over a wide 

range of ages. In particular, we have considered the commonly used μFA along with 

the new MA measure of μFAʹ. Each of these parameters instantiates a distinct type of 

Jensen et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MA, and they are characterized by different symmetry properties. We argue that μFAʹ, 
in contrast to μFA, is unaffected by the macroscopic anisotropy captured by FA and may 

therefore be more specific to MA arising from orientationally incoherent microstructural 

elements. Nonetheless, μFAʹ can be easily calculated from FA and μFA, and it is therefore 

straightforward to incorporate as part of the data analysis for any of a variety of dMRI 

methods suitable for quantifying MA. The three diffusion anisotropies of FA, μFA, and 

μFAʹ provide complementary information, and their use in combination may help in 

characterizing brain microstructure. For the NC and TG mice studied here, we find both 

μFA, and μFAʹ to increase with age in some white matter regions along with evidence for 

modest group differences in these two anisotropy measures.
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APPENDIX A: Invariance of μFAʹ under global diffusion tensor 

deformations

The global deformation of Equation 5 adds an arbitrary, symmetric traceless tensor (i.e., 

A – tr(A)I/3) to all of the compartmental diffusion tensors and, consequently, to the total 

diffusion tensor D as well. Since the mean diffusivity for the mth compartment is

D m = 1
3tr D m , (A1)

the compartmental diffusivities are unchanged by this transformation. This also holds for the 

total diffusivity, which can be written as

D = ∑
m = 1

N
fmD m , (A2)

where N is the total number of compartments and fm is the water fraction for each 

compartment (assumed to sum up to one). However, it is not true for the variance of 

eigenvalues as can be seen from the expression

δ2λ = 1
3tr D−DI 2

(A3)

or for the corresponding expression for the average variance of compartmental eigenvalues

δ2λc = 1
3 ∑

m = 1

N
fm tr D m − D m I 2 . (A4)
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Nevertheless, the difference between these two variances does not change under the 

transformation of Equation 5. This is evident from

δ2λc − δ2λ = 1
3 ∑

m = 1

N
fm tr D m − D m I − D + DI 2 , (A5)

because the shift in D(m) is canceled by the shift in D. Equation A5 may be verified by using 

Equations A2–A4, the expression D = ∑m = 1
N fm D m , and linearity of the trace operation. 

Finally, since the definition of Equation 3 for μFAʹ depends only on D and δ2λc − δ2λ, 

μFAʹ must also be invariant.

APPENDIX B: Correction for noise bias

To reduce signal bias due to rectified noise in MRI magnitude images, a commonly used 

formula is

S = M2 − 2σ2 (B1)

where S is the corrected signal, M is the measured signal, and σ is the signal noise.39,40 

However, this approach is only valid for Rician noise. In our experiment, we acquired 

DDE MRI data using a four-channel phased array head coil with a sum-of-squares signal 

reconstruction. As a consequence, the noise follows a noncentral chi distribution, and 

Equation B1 is generalized to

S = M2 − 2nσ2, (B2)

where n is the number of coils and with noise correlations between the coil channels being 

neglected.54–56 The noise can be estimated from the background (air) signal, M0, according 

to55

σ = Γ n M0
2Γ n + 1

2
. (B3)

Since we employed a four-channel coil, we set n = 4 to find

σ = 32M0
35 2π ≈ 0.365M0, (B4)

and corrected our DDE MRI data according to Equation B2, with the corrected signal being 

set to zero whenever the argument of the square root was negative.

Abbreviations used:

AD Alzheimer’s disease

CC corpus callosum
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DH dorsal hippocampus

dMRI diffusion MRI

DDE MRI double diffusion encoding MRI

DP-DKI double-pulsed diffusional kurtosis imaging

EC external capsule

FA fractional anisotropy

Fi fimbria

MA microscopic anisotropy

μFA type-I microscopic fractional anisotropy

μFAʹ type-II microscopic fractional anisotropy

NC normal control

OP order parameter

ROI region of interest

TG transgenic

VH ventral hippocampus

3D three dimensional

6D six dimensiona
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FIGURE 1: 
Schematics of water confined to ellipsoidal pores (blue) illustrating the two types of 

microscopic anisotropy (MA) along with the macroscopic anisotropy associated with 

orientationally coherent microstructural compartments. The fractional anisotropy (FA) is 

a conventional measure of macroscopic anisotropy while μFA quantifies type-I MA and 

μFAʹ quantifies type-II MA. (a) Spherical pores have no preferred direction, and all three 

anisotropies therefore vanish. (b) Elongated pores that are all identical with the same 

orientation have positive FA and μFA, but μFAʹ still vanishes since it is only sensitive 

to MA that is distinct from the macroscopic anisotropy captured by FA. (c) FA, μFA and 

μFAʹ are all positive for elongated pores with some microscopic disorder in orientations but 

still a net preferred direction (horizontal in this case), and μFA is larger than either FA or 

μFAʹ. (d) Elongated pores with random orientations have zero FA while μFA and μFAʹ are 

positive and equal to each other.
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FIGURE 2: 
Effect of symmetry transformations for a three compartment model with equal water 

fractions. (a) Each compartment’s diffusion tensor has eigenvalues of (2,1/2,1/2). The 

principal eigenvectors of the leftmost, center, and rightmost diffusion ellipsoids (blue) are 

aligned, respectively, with the x-direction (horizontal), y-direction (vertical), and z-direction 

(perpendicular to image plane). FA is zero while μFA and μFAʹ are equal. (b) After a 

rotation of the leftmost ellipsoid by 90° in the xy-plane, FA increases and μFAʹ decreases, 

but μFA is unchanged. (c) If the global deformation of Equation 5 is applied to all three 

diffusion tensors instead of a local rotation, both FA and μFA increase, but μFAʹ is 

unchanged. For the example shown, the deformation tensor A was set equal to one-half 

of the diffusion tensor for the center ellipsoid.
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FIGURE 3: 
Examples of regions of interest (ROIs) considered in this study outlined in red on FA maps 

from two coronal slices. Voxels from the left and right sides were pooled into a single ROI 

for each brain structure. Fi = fimbria, CC = corpus callosum, EC = external capsule, DH = 

dorsal hippocampus, VH = ventral hippocampus.
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FIGURE 4: 
Representative FA, μFA and μFAʹ maps from a single coronal slice of 2 months old normal 

control (NC, first row) and transgenic (TG, second row) mice. Both types of MA are 

relatively large throughout most of the brain parenchyma including gray matter regions 

where FA is low. The μFA and μFAʹ differ in that the former is also sensitive to macroscopic 

anisotropy while the latter is not. This can be seen, for example, in Fi (red arrows), where 

μFA is noticeably larger than μFAʹ due to a substantial macroscopic contribution. Notice 

also that FA, μFA and μFAʹ all have low values within the ventricles as expected for 

cerebrospinal fluid.
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FIGURE 5: 
FA, μFA and μFAʹ for all animals and ROIs at all five time points (2, 5, 8, 12, and 15 

months). Each data point is a separate animal. Green data points are for NC mice, and 

red data points are for TG mice. Linear regression lines are plotted for each ROI and 

anisotropy measure with the corresponding coefficients of determination (R2) and p-values 

being indicated. The regression lines are for the pooled data from both types of mice, and 

significant correlations are indicated by solid lines (p < 0.05) while dotted lines denote 

insignificant correlations. All significant correlations had positive slopes showing that 

diffusion anisotropy increases with age. Note that the intervals for the vertical axes are all 

0.25, but the minimum and maximum values vary according to ROI and anisotropy measure. 

Fi = fimbria, CC = corpus callosum, EC = external capsule, DH = dorsal hippocampus, VH 

= ventral hippocampus.
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FIGURE 6: 
Correlation plots for the three anisotropy measures from all animals and ROIs. Solid lines 

indicate significant correlations, and dotted lines are used for insignificant correlations. The 

μFA and μFAʹ are strongly correlated in all ROIs, but FA is only significantly correlated 

with μFA in the Fi, CC, and EC and with the μFAʹ with in the CC and EC. Green data points 

are for NC mice, and red data points are for TG mice. Note that the maximum and minimum 

of the axes vary with ROI and anisotropy measure. Fi = fimbria, CC = corpus callosum, EC 

= external capsule, DH = dorsal hippocampus, VH = ventral hippocampus.
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FIGURE 7: 
Mean values for each anisotropy measure from all five ROIs. Data are pooled for all time 

points but separated by group. In all cases μFAʹ > FA, revealing that MA is relatively more 

pronounced than macroscopic anisotropy. Group differences are small, but (uncorrected) 

p-values less 0.05 are found in 6 out of the 15 comparisons. The error bars indicate standard 

deviations. Fi = fimbria, CC = corpus callosum, EC = external capsule, DH = dorsal 

hippocampus, VH = ventral hippocampus. *p < 0.05, **p < 0.01.
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