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Abstract

Diffusion tensor imaging (DTI), diffusion kurtosis imaging (DKI), and DKI-derived white matter 

tract integrity metrics (WMTI) were experimentally evaluated ex vivo through comparisons to 

histological measurements and established magnetic resonance imaging (MRI) measures of 

myelin in two knockout mouse models with varying degrees of hypomyelination. DKI metrics of 

mean and radial kurtosis were found to be better indicators of myelin content than conventional 

DTI metrics. The biophysical WMTI model based on the DKI framework reported on axon water 

fraction with good accuracy in cases with near normal axon density, but did not provide additional 

specificity to myelination. Overall, DKI provided additional information regarding white matter 

microstructure compared with DTI, making it an attractive method for future assessments of white 

matter development and pathology.
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1. Introduction

Abnormal brain myelination is present in many neurological diseases and disorders, such as 

multiple sclerosis (Allen and McKeown, 1979) and schizophrenia (Davis et al., 2003); 

therefore, non-invasive assessment of myelin may improve clinical diagnosis and/or insight 

into treatment of these conditions. At least two magnetic resonance imaging (MRI) methods 

are established as specific to myelin content—multi-exponential T2 (MET2) (MacKay et al., 

1994; Menon et al., 1992) and quantitative magnetization transfer (qMT) (Gochberg and 

Gore, 2007; Koenig et al., 1990; Kucharcyzk et al., 1994; Sled and Pike, 2000)—but clinical 

application of these methods remains challenging, due to scan time requirements and 

precision limitations. In contrast, diffusion-weighted MRI (DWI) is widely available and 

known to be sensitive to tissue microstructure, yet its ability to report on myelination 

remains an open question.

DWI is based on the sensitization of the acquired MR signal to the random displacement of 

water molecules, which is greatly influenced by tissue microstructure (e.g., cell membranes, 

myelin). In three dimensions, DWI can estimate a diffusion tensor (i.e., diffusion tensor 

imaging – DTI), from which rotationally invariant parameters (e.g., fractional anisotropy 

and mean, axial, and radial diffusivity – FA, MD, AD, and RD, respectively) can be 

computed, making it especially applicable in the imaging of tissue with anisotropic 

microstructure such as white matter (Basser and Jones, 2002; Basser et al., 1994a; 1994b; 

Beaulieu, 2002; Le Bihan et al., 2001). Although DTI is sensitive to microstructural changes 

present in many neurological diseases and disorders, it utilizes a mathematical model of 

diffusion that lacks inherent specificity to any particular component of neuronal 

microstructure. Additionally, DTI is based upon a Gaussian approximation of the water 

diffusion displacement probability distribution that assumes free, unrestricted diffusion. This 

limits the ability of the DTI model to characterize the heterogeneous microstructural 

environment that comprises brain white matter.

Diffusion kurtosis imaging (DKI) (Hui et al., 2008; Jensen and Helpern, 2010; Jensen et al., 

2005; Lu et al., 2006; Wu and Cheung, 2010) is a clinically-applicable extension of DTI 

with the potential of providing additional information regarding white matter microstructure, 

including its state of myelination (Cheung et al., 2009). Since its development, DKI has 

shown promising results in characterizing white matter changes in multiple diseases and 

disorders, including schizophrenia (Ramani et al., 2007), attention-deficit hyperactivity 

disorder (Helpern et al., 2011), and medial temporal lobe epilepsy (Lee et al., 2013). DKI is 

based upon the measurement of the kurtosis (i.e., a deviation from Gaussian) of the water 

diffusion displacement probability density function. Restrictions to water diffusion present 

in biological tissue cause the diffusion to become non-Gaussian, making DKI sensitive to 

heterogeneity in tissue microstructure. Rotationally invariant metrics such as mean, axial, 

and radial kurtosis (MK, AK, and RK, respectively) can be derived from the kurtosis tensor. 

Similar to DTI, DKI is based upon a mathematical signal model of diffusion that does not 

Kelm et al. Page 2

Neuroimage. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



explicitly model tissue microstructure and lacks inherent microstructural specificity. 

Additionally, both DTI and DKI utilize generic signal models that do not uniquely 

characterize multiple tissue compartments, such as intra- and extracellular spaces or crossing 

fibers. As an alternative to tensor models, biophysical models based on anatomy could 

provide improved characterization of white matter microstructure.

Fieremans and coworkers recently proposed a biophysical model of white matter based on 

the DKI framework with the goal of extracting metrics with a direct relationship to specific 

components of white matter microstructure (Fieremans et al., 2011). This white matter tract 

integrity (WMTI) model utilizes measurements of apparent diffusion and kurtosis to 

separate white matter into two compartments: the intra-axonal space and extra-axonal space. 

In order to accomplish this, the model assumes that a given voxel of white matter consists of 

parallel fiber bundles, limiting its application to large white matter tracts with minimal 

crossing fibers. From this model, potentially useful measures such as the axonal water 

fraction (Fa), intra-axonal diffusivity (Da, assumed to be entirely parallel to the axon), and 

axial and radial extra-axonal diffusivities (De,|| and De,⊥) can be computed. It has been 

hypothesized that Da and De,|| are associated with axonal integrity and Fa is a potential 

biomarker of axonal loss (Benitez et al., 2014; Falangola et al., 2014; Fieremans et al., 2013; 

Fieremans et al., 2012a; 2012b; Hui et al., 2012). Although myelin is not explicitly 

incorporated into the WMTI model, Fieremans et al. have postulated that De,⊥ (and the 

related extra-axonal tortuosity) is an indirect measure of myelination (Fieremans et al., 

2012a).

The objective of this study was to evaluate the relationship of both DKI and the associated 

WMTI model with histological measure of white matter microstructure in two 

hypomyelinated mouse models related to the human genetic disease tuberous sclerosis 

complex (TSC). These conditional knockout models, Tsc2 Olig2-Cre CKO (TSC) and Rictor 

Olig2-Cre CKO (Rictor), were chosen because they exhibit varied degrees of 

hypomyelination. Previously reported TSC models (Tsc1 Emx1-Cre and Rictor Emx1-Cre) 

showed similar hypomyelination (Carson et al., 2013; Carson et al., 2012). The CKO mice 

in this study are viable into adulthood and capable of reproduction. High magnification 

transmission electron microscopy (EM) images of white matter tracts have shown that axon 

and myelin microstructure appear normal. Additionally, in contrast to the cuprizone mouse 

model of demyelination utilized in previous diffusion-weighted MRI studies (Song et al., 

2005; Sun et al., 2006; Thiessen et al., 2013; J. Zhang et al., 2012), these genetic models are 

expected to exhibit less or no inflammation or cellular damage and the hypomyelination is 

mostly uniform in white matter, making them better suited for a study focused on assessing 

the effects of hypomyelination on MRI contrast. In order to evaluate their relationship with 

myelin content, we compared DTI, DKI, and WMTI metrics with two established MR 

measures of myelin, myelin water fraction (MWF) from MET2 and macromolecular pool-

size ratio (PSR) from qMT, as well as quantitative measures of histology.
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2. Materials and Methods

2.1 Animal Preparation

All animal studies were completed with the approval of the Vanderbilt University 

Institutional Animal Care and Use Committee. TSC and Rictor mice were the product of 

crosses between Tsc2 or Rictor homozygous floxed animals with Tsc2 or Rictor floxed 

heterozygous; Olig2-Cre hemizygous mice. The resultant CKO genotypes were then: 

Tsc2F/F;Olig2-Cre or RictorF/F;Olig2-Cre. Normal (N = 8), TSC (N = 5), and Rictor (N = 5) 

P60 mice were euthanized and transcardially perfusion-fixed with 2.5% glutaraldehyde and 

2% paraformaldehyde + 1mM Gd-DTPA (Magnevist, Bayer HealthCare, Wayne, NJ, USA) 

in phosphate-buffered saline (PBS) (Johnson et al., 2002; Karnovsky, 1965). Mouse brains 

were excised and post-fixed in the same fixative solution at 4°C for a period of 1 week to 

allow for complete penetration of the fixative. The mouse brains were then placed in PBS + 

1mM Gd-DTPA at 4°C for at least 1 week before imaging, with the solution changed out 3 

times, in order to wash out residual fixative that reduces the tissue T2 and image signal-to-

noise ratio (SNR) (Shepherd et al., 2009). The addition of 1 mM Gd-DTPA lowered the T1 

of mouse brain to ≈ 400 ms at 15.2T, effectively increasing the SNR efficiency of the MRI 

acquisition. Although Gd-DTPA remains extracellular for in vivo experiments, previous 

studies have indicated that Gd-DTPA affects both the intra- and extracellular compartments 

in fixed ex vivo tissue, and that it has a similar effect on the T2 of both the myelin water and 

intra/extra-axonal water pools (Dortch et al., 2010; Purea and Webb, 2006). For imaging, 

mouse brains were placed in MR-compatible tubes filled with a perfluropolyether liquid 

(Fomblin, Solvay Solexis, Thorofare, NJ, USA) for susceptibility matching, preventing 

tissue dehydration, and a signal-free background.

2.2 MRI

Ex vivo mouse brain imaging was performed at bore temperature (17±0.5 °C) on a 15.2T 

11-cm horizontal bore Bruker Biospec scanner (Bruker BioSpin, Billerica, MA, USA) using 

a Bruker 35-mm quadrature volume coil for RF transmission and reception. All three MRI 

protocols, DKI, MET2, and qMT, were acquired in a single session with field of view (FOV) 

= 19.2 × 14.4 × 10.8 mm3 and matrix size = 128 × 96 × 72 for a nominal isotropic resolution 

of 150 × 150 × 150 μm3 in a total overall scan time of ≈ 22 hr.

2.2.1 Diffusion Kurtosis Imaging—Diffusion kurtosis imaging data were acquired 

using a 3D diffusion-weighted fast spin-echo sequence with repetition time (TR) = 200 ms, 

echo time (TE) = 19.0 ms, echo spacing (ESP) = 7.1 ms and echo train length (ETL) = 4 

(Beaulieu et al., 1993). For excitation and refocusing, non-selective hard pulses were 

implemented with durations of 125 and 250 μs, respectively. Receiver bandwidth (BW) for 

signal acquisition = 75 kHz. Diffusion weighting was achieved with gradient pulse duration 

(δ) = 5 ms, diffusion time (Δ) = 12 ms, prescribed b-values = 3000 and 6000 s/mm2, 30 

directions (Jones et al., 1999), and 2 signal averages with gradient polarity reversal to 

mitigate background gradient cross-terms (Neeman et al., 1991). The b-values selected were 

empirically optimized for ex vivo brain imaging and are larger than those used for in vivo 

brain imaging due to the decreased diffusivity of brain tissue caused by fixation (Sun et al., 
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2003). Five b=0 images were collected and averaged. In all, for each brain, 125 3D volumes 

were collected in a total scan time of ≈ 12 hr.

2.2.2 Multi-exponential T2—MET2 data were acquired using a 3D multiple spin-echo 

sequence with TR = 520 ms, TE = 5.8 ms, 18 evenly spaced echoes with ESP = 5.8 ms, BW 

= 38.5 kHz, and 6 signal averages in a total scan time of ≈ 6 hr. For excitation and 

refocusing, non-selective hard pulses were utilized with durations of 160 and 100 μs, 

respectively. Crusher gradient pairs with amplitudes = 6 G/cm and durations = 428 μs 

surrounded each refocusing pulse. With the assumption that secondary echoes not excited by 

the excitation pulse were removed, the observed echo magnitudes could be related to proton 

density and T2 using the extended phase graph (EPG) algorithm (Hennig, 1988).

2.2.3 Quantitative Magnetization Transfer—qMT data were acquired using a 3D 

selective inversion-recovery prepared fast spin-echo sequence (Gochberg and Gore, 2007) 

with ETL = 8 and ESP = 5 ms. A 1-ms hard inversion preparation pulse was used to 

selectively invert the free water pool, while macromolecular spins were mostly unaffected. 

The acquisition was repeated for 15 inversion times (TI) log-spaced from 3.5 to 2000 ms. A 

constant pre-delay (Td) of 590 ms was used, resulting in a total scan time of ≈ 3.5 hr.

2.3 Histology

2.3.1 Tissue Preparation—After MRI was completed, normal (N = 6), TSC (N = 4), and 

Rictor (N = 3) mouse brains were sectioned for histology. A larger sample size was used for 

the control group due to greater intragroup variation in myelin content compared with the 

CKO groups. Following a mid-sagittal cut, four sections of tissue each containing a desired 

white matter region of interest (ROI), the midbody of the corpus callosum (MidCC), genu 

(GCC), splenium (SCC), and anterior commissure (AC), were sectioned in the sagittal plane, 

as shown in Fig. 1a. Tissue sections were placed in 1% osmium tetroxide in cacodylate 

buffer for 1 hr and dehydrated in graded ethanol. Then, tissue sections were embedded in 

epoxy resin and 1 μm thick sections were cut and stained with 1% toluidine blue. Using 

images of these thick sections, a 500 × 500 μm2 ROI was manually selected from each tissue 

block with the aid of a standard mouse brain atlas (Paxinos and Franklin, 2001) and 70 nm 

ultra-thin sections were cut from the ROI for EM. The MidCC ROI was chosen as the 

portion of the corpus callosum just superior to the anterior part of fornix where its fibers 

bend to travel inferiorly from the corpus callosum (Bregma −0.7 mm). The GCC and SCC 

ROIs were selected as the most anterior (Bregma 1 mm) and posterior (Bregma −2.5 mm) 

sections of the corpus callosum, respectively. The AC ROI encompassed the entirety of the 

anterior commissural tract crossing through the mid-sagittal plane and was located just 

anterior to the fornix at Bregma 0.2 mm. Data from 1 TSC MidCC section and 1 TSC GCC 

section were removed from analysis due to corruption of these sections during histology 

processing, so a fourth TSC brain was added to ensure that there were at minimum 3 

samples of each ROI.

2.3.2 Transmission Electron Microscopy—EM images of ultra-thin sections were 

collected with an FEI Tecnai T12 electron microscope (FEI, Hillsboro, OR, USA) at various 

magnifications. From these images, measurements of axon diameter (inside the myelin) (da), 
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myelin thickness (zm), g-ratio (g), axon density (ρa), histologic myelin fraction (fm), and 

histologic axon fraction (fa) were performed in MATLAB (Mathworks, Natick, MA, USA). 

In order to avoid confusion, all histology measures are identified with lowercase variables 

and all MR-derived metrics are reported as upper-case variables or acronyms.

Using images collected at 6500x (≈ 3 per white matter tract, Suppl. Fig. 1), axon density 

was measured by manual counting the number of myelinated axons within the given area. 

Four 15000x images were acquired from the same area as each 6500x image (≈ 12 total per 

tract, Fig. 1b and Suppl. Fig. 1). Since these images could generally be described by a 

bimodal histogram, segmentation was performed by applying a threshold located at the local 

minimum between the two peaks of the histogram in order to distinguish between myelin 

(white) and non-myelin (black) pixels (Fig. 1c), which provided a measure of myelin 

fraction for each image. In the segmented images, N individual axons were manually 

identified (Fig. 1d, N ≈ 300 for control and Rictor mice, and N ≈ 75 for TSC mice, which 

had a much lower axon density) and from each: i) a region-growing algorithm computed the 

cross-sectional area (Fig. 1e) which was then converted to a diameter assuming circular 

geometry, and ii) myelin thickness was determined by taking the average of measurements 

along 2 different axes (Fig. 1e). The g-ratio, the ratio between the inner and outer diameters 

of a myelinated axon, was calculated for the ith axon as:

(1)

For accurate axon diameter measurements, only axons that were entirely visible within the 

image were selected for measures of da, zm, and g. A measure of histologic axon fraction for 

each image was then computed by summing the cross-sectional areas for all myelinated 

axons, including those that were partially visible.

For group analysis of histological measures, the mean and standard error of each measure 

was taken across all analyzed EM images for each group (15000x for da, zm, g, fm, and fa, 

6500x for ρa). For a conservative estimate of error, the standard error was based on the 

number of different brains in the group as opposed to the number of images used. 

Histological measures were then compared between the control and knockout groups using a 

Wilcoxon rank-sum test.

2.4 Data Analysis

Image data were analyzed using in-house written code in MATLAB (Mathworks, Natick, 

MA, USA). For DWI analysis, 3D k-space data were zero-padded 2x in each direction 

before reconstruction, resulting in a working isotropic image resolution of 75 μm. DTI 

analysis was performed by estimating diffusion tensors voxel-wise using a linear least 

squares approach and calculating the DTI indices FA, MD, AD, and RD from these tensors. 

Using data acquired with too high of b-value can cause systematic errors in DTI measures, 

so the b = 6000 s/mm2 DWI data were excluded from the DTI analysis alone. For DKI 

analysis, diffusion and kurtosis tensors were estimated voxel-wise using a constrained linear 
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least-squares approach (Tabesh et al., 2011) and DKI indices MK, AK, and RK were 

calculated.

The following WMTI equations (Eqs. 2–4) and their derivations first appeared in Fieremans 

et al. (Fieremans et al., 2011). First, Fa was estimated voxel-wise as:

(2)

where Kmax is the maximum kurtosis over all directions derived from the kurtosis tensor. 

Then, compartmental diffusion coefficients along the ith diffusion direction for the intra- and 

extra-axonal spaces, Da,i and De,i respectively, were calculated using the diffusion 

coefficient Di and kurtosis coefficient Ki:

(3)

(4)

From these diffusion coefficients, intra- and extra-axonal diffusion tensors Da and De, 

respectively, were computed and rotationally invariant parameters for each compartment 

were derived similar to conventional DTI analysis. WMTI metric Da was computed voxel-

wise as the trace of Da. De,|| and De,⊥ were calculated voxel-wise as the primary eigenvalue 

of De and the average of the secondary and tertiary eigenvalues of De, respectively.

The MET2 analysis was performed using the freely available multi-exponential relaxation 

analysis tool for MATLAB (vuiis.vanderbilt.edu/~doesmd/MERA/MERA_Toolbox.html). 

Echo magnitudes from each image voxel were fitted via a conventional linear inverse 

approach (Whittall and MacKay, 1989) by non-negative least-squares (NNLS) (Lawson and 

Hanson, 1974) to the sum of signals from 100 logarithmically spaced T2 components, as 

defined by the EPG algorithm and spanning TE/2 to 500 ms in the T2 domain, similar to 

previous work (Prasloski et al., 2012). The spectra were regularized using a minimum 

curvature constraint with a constant conservative regularization (μ = 0.002) across all 

voxels. For each voxel, the sum of signal with T2 < 17 ms relative to total signal was defined 

as the MWF. For qMT analysis, the 15 signal magnitudes acquired with varying TI were 

fitted voxel-wise to a five-parameter biexponential model as described previously 

(Gochberg and Gore, 2007), from which the ratio of macromolecular to free pool 

magnetization (or PSR) was calculated.

For group analysis, b=0 images were registered to a representative normal mouse brain 

using a rigid affine transformation followed by a non-rigid deformable demons registration 

(Thirion, 1998). DTI, DKI, WMTI, MWF, and PSR parameter maps were then registered 

using the same transformations derived from the b=0 registration. Referencing a standard 

mouse brain atlas (Paxinos and Franklin, 2001), ROIs were manually delineated on 2D 
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cross-sections for 6 white matter regions: MidCC, GCC, SCC, AC, external capsule (EC), 

and internal capsule (IC). For direct comparison to the histology ROIs, the MidCC, GCC, 

SCC, and AC ROIs were drawn on a mid-sagittal cross-section at Bregma −0.7 mm, 1 mm, 

−2.5 mm, and 0.2 mm, respectively. The EC and IC ROIs were drawn on a coronal cross-

section at Bregma −1.7 mm and were only included in analyses involving MR metrics alone. 

For the WMTI analysis, a small number of voxels (< 1% of all WM voxels used in this 

analysis) exhibited abnormally high De,⊥ (> 1 μm2/ms; mean ± SD of remaining WM voxels 

De,⊥ = 0.27 ± 0.07 μm2/ms) and were not included in subsequent analysis. Comparisons of 

DTI, DKI, and WMTI indices between the control group and knockout groups were then 

made for each ROI using a Wilcoxon rank-sum test. Using the ROI means for each 

individual mouse brain, linear correlations were determined between DTI, DKI, and WMTI 

parameters and both MR measures of myelin and histologic measures with multiple 

comparisons correction performed using a simple Bonferroni correction.

3. Results

3.1 Histology

Figure 2 displays electron micrographs, along with their corresponding segmentations, of the 

splenium from normal, Rictor, and TSC brains. In comparison to the normal brain, the 

Rictor brain visually showed minor decreases in myelin thickness and myelinated axon 

density, while the TSC brain showed a much greater decrease in myelinated axon density. 

Table 1 displays group means and standard errors of all histology measures for each ROI. 

Significant differences compared to the control group are identified by * (p < 0.05), ** (p < 

0.01), and *** (p < 0.001). The g-ratios for the control group were similar to those reported 

in previous studies of normal mouse brain (g ~ 0.8) (Mason et al., 2001). Compared to the 

control group, the TSC group exhibited major decreases in fm, fa and ρa in all ROIs. There 

were also significant decreases in zm in the MidCC and GCC. The TSC group showed 

significant increases in da and g for all ROIs. Compared to the control group, the Rictor 

group had significant decreases in fm, zm, and ρa and significant increases in g for all ROIs. 

Also, the Rictor group showed significant increases in da in the GCC, SCC, and AC and a 

significant decrease in fa for the GCC. Overall, as anticipated, the microstructural 

differences between the Rictor and control groups were fewer and less extreme than those 

observed between the TSC and control groups.

3.2 MRI

Typical white matter SNR of the DWI b=0 images was ≈ 150, calculated as the ratio of the 

signal amplitude to the standard deviation of the background noise. Approximate mean 

signal attenuations for the b = 3000 and 6000 s/mm2 acquisitions were 44% and 57%, 

respectively (assuming a diffusivity of 0.25 μm2/ms and a kurtosis of 1.75, taken from 

approximate MD and MK of white matter in this study). The high SNR of the DWI scan 

resulted in high-precision estimates of DTI parameters in white matter, with estimated 

standard deviations of < 0.01 and < 0.01 μm2/ms for FA and MD, respectively (Landman et 

al., 2007). For the MET2 acquisition, white matter SNR of the first echo image was ≈ 600, 

and for the qMT acquisition, SNR of the longest inversion time image was ≈ 250. These 

high SNR acquisitions provided high-precision estimates of both MWF and PSR in white 
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matter. Representative T2 spectra from a single MidCC voxel for each group are shown in 

Suppl. Fig. 2. Intra/extra-axonal water T2s in the MidCC for the control, Rictor, and TSC 

groups were 36.2 ± 0.4 ms, 39.4 ± 0.9 ms, and 40.6 ± 1.1 ms (mean ± SEM), respectively. 

Myelin water T2s in the same region were 5.4 ± 0.3 ms, 5.0 ± 0.2 ms, and 5.8 ± 0.5 ms for 

the control, Rictor, and TSC groups, respectively.

3.3 DTI

Representative coronal parameter maps for the DTI indices FA, MD, AD, and RD from each 

of the three groups are shown in Fig. 3. Compared with the control group, the knockout 

groups had a decrease in FA and increase in MD and RD of white matter. As anticipated, 

these differences were more apparent for the TSC group compared with the Rictor group, 

due to more severe hypomyelination present in the TSC brains. Changes in white matter AD 

between the three groups were not visually apparent. DTI parameter maps for the sagittal 

and axial orientations can be seen in Suppl. Figs. 3 and 4, respectively.

Figure 4 shows group comparisons of FA, MD, AD, and RD for 6 white matter ROIs. 

Compared to the control group, the Rictor group showed no significant differences in FA 

and AD and significant increases in MD for the anterior commissure and RD for 2 of the 6 

ROIs (i.e., the splenium and anterior commissure). The TSC group exhibited significant 

decreases in FA for 5 of the 6 ROIs, significant increases in AD for 4 of the 6 ROIs, and 

significant increases in MD and RD for all 6 ROIs examined. There were more WM regions 

with significant differences in MD and RD than FA and AD, indicating that MD and RD 

were overall more sensitive than FA and AD to the hypomyelination present within the 

knockout models. Additionally, DTI parameters were unable to distinguish the Rictor group 

from the control group (significant differences in MD and RD for only 1 and 2 ROIs, 

respectively).

3.4 DKI

Representative coronal parameter maps for the DKI indices MK, AK, and RK from each of 

the three groups are shown in Fig. 5. Compared with the control group, the knockout groups 

showed a decrease in MK and RK of white matter. Similar to the DTI results, these 

differences were more apparent for the TSC group compared with the Rictor group. There 

were minimal changes in white matter AK between the three groups. Sagittal and axial DKI 

parameter maps are shown in Suppl. Figs. 5 and 6, respectively.

Group comparisons of MK, AK, and RK for 6 white matter ROIs are described in Fig. 6. 

When compared to the control group, the Rictor group had significant decreases in MK for 4 

of 6 ROIs and RK for 4 of 6 ROIs with no significant differences in AK. Significant 

decreases in MK and RK for all 6 ROIs were seen in the TSC group. For AK of the TSC 

group, there were significant increases in the GCC and AC and significant decreases in the 

EC and IC. Since most ROIs showed significant differences in MK and RK, this indicates 

that MK and RK were highly sensitive to changes in myelination present in the two 

knockout models. Additionally, significant decreases in MK and RK for the Rictor group 

present in most white matter ROIs indicate an increased sensitivity of these metrics to 

myelination compared with DTI metrics.
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3.5 WMTI

Figure 7 shows representative parameter maps for the WMTI metrics Fa, Da, De,||, and De,⊥ 

from each of the three groups. Since the WMTI model is only valid for white matter, WMTI 

parameter values for white matter voxels (voxels with FA > 0.35 in a control brain) were 

overlaid on the b=0 image. Compared with the control group, the knockout groups exhibited 

a major decrease in Fa and a minor increase in De,⊥ of white matter. As expected, these 

differences were more apparent for the TSC group compared with the Rictor group. Changes 

in Da and De,|| between the control and knockout groups were not visually apparent. Suppl. 

Figs. 7 and 8 contain WMTI parameter maps in the sagittal and axial planes, respectively.

Group comparisons of Fa, Da, De,||, and De,⊥ for 6 different white matter ROIs are 

represented by bar plots in Fig. 8. The Rictor group showed significant decreases in Fa for 5 

of 6 ROIs when compared to the control group. No significant differences in Da, De,||, and 

De,⊥ existed between the control and Rictor groups. For the TSC group, there were 

significant decreases in Fa and significant increases in De,⊥ for all 6 ROIs. Also, the TSC 

group had significant increases in Da for 1 ROI (i.e., the internal capsule) and in De,|| for 2 

ROIs (i.e., the external and internal capsules). With significant differences in Fa present in 

most ROIs, these results indicate that Fa was highly sensitive to microstructural changes 

present within the CKO models. In comparison, De,⊥ was less sensitive and unable to 

distinguish between the control and Rictor groups.

3.6 Linear Correlation Analysis

Linear correlation analysis was performed across all individual animals and all ROIs. Figure 

9 contains scatter plots displaying linear correlations between DTI metrics and 3 different 

measures of myelin, with each point representing an ROI mean from a single animal. None 

of the DTI parameters correlated with MWF. FA and RD showed significant correlations 

with PSR, but these were weak with the strongest being between RD and PSR (r2 = 0.14). 

There were moderate correlations between DTI parameters and histologic myelin fraction, 

with r2 = 0.35 and 0.37 for correlations MD-fm and RD-fm, respectively.

Similar to Fig. 9, Fig. 10 shows linear correlations between DTI metrics and histologic 

measures of axon diameter, myelinated axon density, histologic axon fraction, and g-ratio. 

FA did not have any significant correlations, while MD and RD showed moderate to strong 

correlations with all four histology measures, the strongest being between MD and fa (r2 = 

0.44). For Figs. 9 and 10, AD is not shown due to it not showing any significant 

correlations.

Linear correlations between DKI metrics and 3 unique measures of myelin are shown in Fig. 

11. Both MK and RK correlated significantly with MWF and PSR, with the strongest 

correlations being MK and RK with PSR (r2 = 0.27 and 0.25, respectively). Also, MK and 

RK correlated strongly with fm (r2 = 0.48 and 0.49, respectively). All correlations between 

DKI metrics MK and RK and the myelin measures were stronger than the corresponding 

correlations between DTI metrics MD and RD and the same myelin measures.

Scatter plots displaying linear correlations between DKI metrics and the histologic measures 

of axon diameter, myelinated axon density, axon fraction, and g-ratio are shown in Fig. 12. 
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MK and RK had strong correlations with all four histologic measures, the strongest being 

between MK and g-ratio (r2 = 0.46). Correlation strengths between DKI metrics and da, ρa, 

and fa were similar to those observed with DTI metrics. However, correlations with g-ratio 

for MK and RK were much stronger than those observed for MD and RD. For Figs. 11 and 

12, AK is not shown because there were no significant correlations observed with this 

metric.

Linear correlations between WMTI metrics and 3 different measures of myelin are shown in 

Fig. 13. Fa correlated significantly with MWF and PSR (r2 = 0.14 and 0.23, respectively). A 

strong correlation existed between Fa and histologic myelin fraction (r2 = 0.58). De,⊥ did not 

correlate with any of the 3 myelin measures. Figure 14 shows scatter plots with linear 

correlations between WMTI indices and histologic measures of axon diameter, myelinated 

axon density, axon fraction, and g-ratio. Fa exhibited strong correlations with all four 

histology measures, the strongest being between Fa and ρa (r2 = 0.55). De,⊥ did not exhibit 

any significant correlations with these histology metrics. For Figs. 13 and 14, Da and De,|| 

are not shown because there were no significant correlations observed with these metrics.

Table 2 summarizes the results of the correlation analysis, showing the r2 values for all 

significant correlations of DTI, DKI, and WMTI metrics with myelin and histology 

measures. A more detailed analysis of the relationships between histology and both MET2 

and qMT data will be reported independently.

4. Discussion

The quantitative histology data shown in Table 1 indicate that both the Rictor and TSC 

knockout models show hypomyelination, with the TSC model exhibiting an almost complete 

lack of myelinated axons. The more subtle change in myelination present in the Rictor 

model (in contrast to the TSC and cuprizone models) is beneficial in evaluating MRI 

methods and their ability to report on varied levels of myelination that may occur during 

development or de/remyelinating pathologies. These results agree with previous studies 

showing that TSC and Rictor knockouts exhibit abnormal myelination, with the TSC mice 

portraying a more severe abnormal phenotype (Carson et al., 2013; Carson et al., 2012). 

However, this study is the first to report quantitative histological measures of axons and 

myelin content (e.g., axon diameter, myelin thickness, histologic myelin fraction) for these 

specific mouse models.

The DTI results in Figs. 3 and 4 showed that hypomyelination resulted in decreases in white 

matter FA and increases in MD and RD, with fewer changes in AD. These results agree with 

previous studies stating that a decrease in myelination causes an increase in radial diffusivity 

but minimal changes in axial diffusivity (Song et al., 2005; Song et al., 2002). However, 

DTI metrics mostly did not detect differences between the control and Rictor groups, 

indicating an inability of DTI to distinguish subtle changes in myelin thickness and 

myelinated axon density. The DKI results in Figs. 5 and 6 showed that hypomyelination 

caused decreases in MK and RK with minimal changes in AK. This is similar to the DTI 

results in that changes in myelination caused changes in radial kurtosis but not axial 

kurtosis. In contrast to DTI metrics, significant differences in MK and RK between the 
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control and Rictor groups were present in most ROIs, indicating higher sensitivity to 

changes in myelin thickness and myelinated axon density compared with DTI.

Because inter-animal variability within each group was approximately an order of 

magnitude greater than the variability of the DTI metrics themselves, increasing the image 

SNR in this case would have little effect on the group-wise comparisons. In other words, in 

the hypothetical case that twice as many acquisitions of a single b-value shell were utilized 

instead of two shells, the DTI metrics would still prove to be less sensitive to the changes in 

tissue microstructure than the DKI metrics. These results agree with a previous study that 

showed that DKI was more sensitive than DTI to changes present in a rat brain maturation 

model (Cheung et al., 2009). Also, these results make intuitive sense because the assessment 

of non-Gaussian diffusion in DKI provides more information about the effects that tissue 

microstructure have on water diffusion and therefore is more sensitive to microstructural 

changes. This emphasizes the utility of moving towards a higher order diffusion signal 

model, such as the DKI model, for microstructural assessment.

The WMTI results in Figs. 7 and 8 showed that hypomyelination caused decreases in Fa, 

increases in De,⊥, and minimal changes in Da and De,||. These results agree with previous 

hypotheses stating that Fa is sensitive to axonal loss, De,⊥ increases with reduced 

myelination, and Da and De,|| are mostly unaffected by changes in myelination (Fieremans et 

al., 2012a). Similar to the DKI results, Fa was significantly different between the control and 

Rictor groups in most ROIs. This was expected since the estimation of Fa is closely related 

to radial kurtosis. However, even though significant increases in De,⊥ between the control 

and TSC groups were found for all ROIs, there were no significant differences in De,⊥ 

between the control and Rictor groups. This result indicates that De,⊥ was not as sensitive to 

less extreme changes in myelin thickness and myelinated axon density as conventional DKI 

metrics.

The linear correlation analysis was performed across all individual mouse brains from the 3 

groups and all of the WM ROIs analyzed. The two different hypomyelinated mouse models 

were utilized to create variation in white matter microstructure for the purpose of evaluating 

DWI metrics and to allow for meaningful correlations. There was not enough variation 

within an ROI and within each group to provide any correlation. Figures 9 and 10 showed 

that DTI metrics MD and RD did have some correlation with myelin content and other 

histologic parameters, including axon density. Some level of correlation is expected since 

MD and RD were shown to be sensitive to changes in myelination and other microstructural 

changes. Figures 11 and 12 showed that DKI parameters MK and RK exhibited strong 

correlations with myelin content and other histologic measures, such as axon density and g-

ratio. Not only were DKI metrics more sensitive to changes in myelination compared with 

DTI as shown by the ROI analysis, but they also exhibited stronger correlations to myelin 

content than conventional DTI. MK and RK showed significant correlations with each 

metric examined except for myelin thickness, indicating the limited specificity of these DKI 

measures. However, their correlations with myelin-related metrics (e.g., myelin fraction, g-

ratio) were stronger than those shown with axon diameter, a measure that is mostly 

independent of myelin content.
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Myelin is not explicitly modeled by the DKI framework, yet our results indicate that a 

strong relationship exists between DKI metrics and myelin content. This is not to say that 

DKI metrics are or should be more specific to myelin compared with other MR measures 

that explicitly model myelin, such as MWF and PSR. However, reporting on myelin content 

is just one potential use for DKI among others due to its high microstructural sensitivity and 

relative ease of acquisition.

Figures 13 and 14 showed that WMTI metric Fa correlated strongly with myelin content and 

other histologic measures, such as axon density, axon fraction, and g-ratio. The correlation 

with axon density and fraction is in agreement with previous work stating that Fa reports on 

axonal loss (Fieremans et al., 2012a). Whereas the correlations with axon density and axon 

fraction are intuitive, the correlation with myelin fraction is not straightforward. In this 

study, a decrease in myelinated axon density is the main component of both decreased axon 

fraction and myelin fraction, which explains the close relationship between Fa and fm. 

Although Fig. 14 suggests that Fa overestimated the true axon fraction by ~50%, note that 

Fa in the WMTI model is axon water fraction and the myelin water is presumed silent in 

DWI due to its short T2. Comparing Fa to fa/(1−fm) (not shown), we see that Fa 

overestimated axon water fraction by only ~10% in control and Rictor mice, making it a 

reasonably accurate model parameter for small variations from normal. For TSC mice, 

which histology showed to have near zero myelinated axons, Fa clearly overestimates the 

water fraction of myelinated axons; however, if unmyelinated axons were also included in 

this analysis, the correspondence might be closer.

In contrast, De,⊥ did not correlate with the other myelin measures utilized in this study (Fig. 

13). Previous work by Fieremans and coworkers (Fieremans et al., 2012a) suggested that 

De,⊥ reports on changes in myelin thickness, even in the presence of axonal loss. Even 

though the main difference between the control and CKO groups was a decrease in 

myelinated axon density, significant decreases in myelin thickness were also present and 

should have caused increases in De,⊥ in both the Rictor and TSC groups based on this 

previous hypothesis. However, De,⊥ did not correlate with myelin thickness and was not 

especially sensitive to microstructural changes between the control and CKO groups. Also, 

from the correlation plots in Figs. 9–14, it was shown that there were some deviations in 

DWI metrics between WM regions (e.g., higher MK and RK in the genu of the control 

mouse brains, represented by the green dots) that were not explained by any one histological 

parameter used in this study, suggesting other microstructural contributions to these 

measures.

Although potentially useful for elucidating the relationship between DKI and tissue 

microstructure, previous comparisons of DKI and associated metrics with histological 

measures have been limited. One study compared DKI metrics to myelin basic protein 

immunohistochemistry in a Huntington’s disease rat model at two different developmental 

ages, observing that increases in myelin basic protein stain intensity corresponded with 

decreases in MD and RD and increases in MK and RK (Blockx et al., 2012). Another study 

examined the relationship between both DKI and WMTI with immunohistochemistry 

metrics in a cuprizone mouse model of demyelination, finding that solochrome staining (a 

stain for myelin) correlated with MK, AK, RK, Fa, Da, and De,⊥ in the cuprizone group 
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(Falangola et al., 2014). However, there have been no previous comparisons of DKI or 

WMTI to direct quantitative histologic measures of axons and myelin content, such as axon 

diameter, myelin thickness, and histologic myelin fraction. Similar to this work, previous 

studies have compared DTI metrics FA and RD with myelin measures derived from MET2 

and qMT and found modest correlations between these measures (Mädler et al., 2008; 

Stikov et al., 2011; Thiessen et al., 2013). However, there have been no prior studies 

assessing DKI or WMTI metrics in white matter through comparisons with other MR 

metrics specific to myelin, such as myelin water fraction and macromolecular pool-size 

ratio. Although histological analysis is difficult and can be susceptible to a variety of error 

sources, general agreement between the comparisons of DWI metrics with histology, MWF, 

and PSR support the histological analysis in this study.

There are certain limitations to using diffusion signal models such as DTI and DKI to 

describe white matter microstructure. Although DKI is sensitive to tissue heterogeneity 

within a voxel, particularly the mixture of restricted and unrestricted water compartments; 

the DKI model does not specifically characterize multiple tissue compartments present 

within white matter. On the other hand, multi-compartment tissue models of diffusion, such 

as CHARMED (Assaf et al., 2004), AxCaliber (Assaf et al., 2008), ActiveAx (Alexander et 

al., 2010), NODDI (H. Zhang et al., 2012), and WMTI, seek to derive specific information 

about tissue components such as intra- and extracellular spaces, axon diameter, axon 

alignment, axon density, and myelin content. However, these biophysical tissue models each 

come with their own limitations and biases because they require assumptions about the 

underlying tissue composition and generally result in lower precision parameters resulting 

from fitting data to nonlinear models. It remains an open question as to whether signal-based 

or tissue-based diffusion models provide better assessment of tissue microstructure from a 

practical standpoint. For this study, application of the biophysical WMTI model provided 

good estimates of axonal water fraction for control and Rictor mice, but did not provide 

additional specificity to myelination.

Although the WMTI model does not explicitly incorporate myelin, previous studies have 

hypothesized its relationship to myelin content (Benitez et al., 2014; Falangola et al., 2014; 

Fieremans et al., 2012a). This hypothesis is formed on the idea that the presence of myelin 

will have an effect on the tortuosity of the extra-axonal space or more specifically, the 

diffusion of extra-axonal water perpendicular to the axons (De,⊥). Other multi-compartment 

diffusion models, including CHARMED, AxCaliber, ActiveAx, and NODDI (Alexander et 

al., 2010; Assaf et al., 2008; Assaf et al., 2004; H. Zhang et al., 2012), do not explicitly 

model myelin, yet they also measure or incorporate the extracellular tortuosity as a part of 

the model. However, the WMTI model is the first of these used to make inferences 

concerning myelin content. Unexpectedly, in this study, De,⊥ did not demonstrate 

correlations with myelin content, bringing into question its utility as a biomarker of 

myelination.

For this study, the histology measures collected were primarily focused on changes in 

myelin due to the expected changes observed in the CKO mice. It was shown that axial DWI 

metrics remained mostly unchanged in these models, as expected. Therefore, a different 

animal model demonstrating changes in axon microstructure would be more appropriate for 
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the assessment of axial DWI measures. One microstructural feature not measured in this 

study that is potentially important in determining DWI contrast is the extra-axonal space 

fraction. This metric is difficult to measure from EM because it is small and not easily 

discriminated from unmyelinated axon space. For this study we postulate that it is not a 

critical factor in determining differences in the DWI measures because neither the TSC nor 

Rictor model is expected to involve much inflammation.

It is also important to recognize that this MR study was performed on ex vivo mouse brain. 

Ex vivo tissue has been shown to exhibit decreased diffusivity and increased kurtosis due to 

chemical fixation (Hui et al., 2008; Sun et al., 2003). Additionally, the choice of fixative has 

been shown to have an effect on the relaxation and diffusion properties of tissue (Shepherd 

et al., 2009), and tissue preparation may result in shrinking or distortion that can influence 

the derived histological measures (Fox et al., 1985). Thus, one should be cautious about 

using the findings here to interpret in vivo measures of diffusion and kurtosis in white 

matter.

Comparison between MR metrics and EM-derived histology metrics also has inherent 

limitations. Matching up ROIs between the two imaging modalities is a difficult process, so 

utilizing anatomical landmarks that are clearly visible from both the MR image and the 

histology thick section is important. Even if the ROI is matched with high accuracy, the 

thickness of the histology section is still much smaller than the MR imaging resolution, 

which prevents an exact correspondence of the microstructure morphology present in the 

EM data with that contained in an MR voxel. Also, it is important to note that, for this study, 

the total FOV sampled for each EM section is still a small fraction of the size of a single MR 

voxel, so the intra-tract variability must be considered when choosing the amount of EM 

data required for comparison to MR data.

Selection of appropriate b-values is especially important for DKI studies. Higher b-values 

than those used in conventional in vivo DTI are necessary in this study both due to the use 

of ex vivo tissue and to increase sensitivity of the DWI signal to kurtosis. However, the 

maximum b-value used must also be carefully determined, as using too high of b-values can 

cause systematic errors in DKI metrics (Jensen and Helpern, 2010). The wide range of 

diffusivity and kurtosis values present in ex vivo mouse brain make b-value optimization 

difficult, and in this study for example, there were still some voxels in the genu that needed 

even larger b-values for more accurate assessment of DKI and WMTI metrics.

5. Conclusions

DKI was demonstrated to have greater sensitivity to changes in myelination compared with 

conventional DTI. Additionally, through comparisons with other MR measures of myelin 

and quantitative histology, DKI metrics MK and RK were shown to have stronger 

correlations with myelin content compared with DTI metrics. Thus, if sufficient time is 

available for the acquisition of two shells of DWI data, then DKI is preferred over DTI 

because it provides greater sensitivity to changes in tissue microstructure. Application of the 

biophysical WMTI model provided reasonably accurate estimates of axon water fraction for 
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near normal microstructure, but the associated extra-axonal diffusion characteristics did not 

report on any measure of myelination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AC anterior commissure

AD axial diffusivity

AK axial kurtosis

CKO conditional knockout

da axon diameter

Da intra-axonal diffusivity

De,|| extra-axonal axial diffusivity

De,⊥ extra-axonal radial diffusivity

DKI diffusion kurtosis imaging

DTI diffusion tensor imaging

DWI diffusion-weighted MRI

EC external capsule

EM transmission electron microscopy

EPG extended phase graph

FA fractional anisotropy

fa histologic axon fraction

Fa axonal water fraction

fm histologic myelin fraction

FOV field of view

g g-ratio

GCC genu

IC internal capsule
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MD mean diffusivity

MET2 multi-exponential T2

MidCC midbody of the corpus callosum

MK mean kurtosis

MR magnetic resonance

MRI magnetic resonance imaging

MWF myelin water fraction

PSR macromolecular pool-size ratio

qMT quantitative magnetization transfer

ρa myelinated axon density

RD radial diffusivity

RK radial kurtosis

ROI region of interest

SCC splenium

SEM standard error of the mean

SNR signal-to-noise ratio

TSC tuberous sclerosis complex

WM white matter

WMTI white matter tract integrity

zm myelin thickness
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FIG. 1. 
Quantitative histology metrics derived from EM. (a) T2-weighted sagittal cross-section 

showing locations of white matter histology sections. (b) Typical 15000x EM image of the 

splenium. (c) EM image after segmentation with myelin pixels shown in white. (d) EM 

image showing axons after region growing segmentation is performed to derive axon area 

and diameter. (e) Typical axon area and zm measurements.
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FIG. 2. 
Representative EM images of white matter. (Top row) EM images of the splenium from 

control, Rictor and TSC mouse brains. (Bottom row) Processed and segmented EM images 

corresponding to the images shown on the top row. Compared to the control brain, Rictor 

brain WM shows a slight decrease in myelin thickness and myelinated axon density. TSC 

brain WM shows a significant decrease in myelinated axon density.
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FIG. 3. 
Representative coronal DTI parameter maps. The rows represent the three groups: control 

(top), Rictor (middle), and TSC (bottom). The columns represent the DTI parameters FA, 

MD, AD, and RD. FA is unitless and diffusivities are in units of μm2/ms.
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FIG. 4. 
ROI group comparison of DTI parameters FA, MD, AD, and RD. Bar heights represent the 

ROI parameter means across each group, with error bars spanning the mean ± SEM. The 

three groups are represented with different colors: control = blue, Rictor = green, and TSC = 

red. 6 WM ROIs are indicated on the x-axis: MidCC = midbody of the corpus callosum, 

GCC = genu, SCC = splenium, AC = anterior commissure, EC = external capsule, and IC = 

internal capsule. FA is unitless and diffusivities are in units of μm2/ms. * denotes p < 0.05 

for comparison between the control group and each CKO group.
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FIG. 5. 
Representative coronal DKI parameter maps. The rows represent the three groups: control 

(top), Rictor (middle), and TSC (bottom). The columns represent the DKI parameters MK, 

AK, and RK. Kurtosis is unitless.
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FIG. 6. 
ROI group comparison of DKI parameters MK, AK, and RK. Bar heights represent the ROI 

parameter means across each group, with error bars spanning the mean ± SEM. The three 

groups are represented with different colors: control = blue, Rictor = green, and TSC = red. 

6 WM ROIs are indicated on the x-axis: MidCC = midbody of the corpus callosum, GCC = 

genu, SCC = splenium, AC = anterior commissure, EC = external capsule, and IC = internal 

capsule. Kurtosis is unitless. * denotes p < 0.05 for comparison between the control group 

and each CKO group.
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FIG. 7. 
Representative coronal WMTI parameter maps. WMTI parameter values for white matter 

voxels are overlaid on the b=0 image. The rows represent the three groups: control (top), 

Rictor (middle), and TSC (bottom). The columns represent the WMTI parameters Fa, Da, 

De,||, and De,⊥. Fa is unitless and diffusivities are in units of μm2/ms.
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FIG. 8. 
ROI group comparison of WMTI parameters Fa, Da, De,||, and De,⊥. Bar heights represent 

the ROI parameter means across each group, with error bars spanning the mean ± SEM. The 

three groups are represented with different colors: control = blue, Rictor = green, and TSC = 

red. 6 WM ROIs are indicated on the x-axis: MidCC = midbody of the corpus callosum, 

GCC = genu, SCC = splenium, AC = anterior commissure, EC = external capsule, and IC = 

internal capsule. Fa is unitless and diffusivities are in units of μm2/ms. * denotes p < 0.05 for 

comparison between the control group and each CKO group.
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FIG. 9. 
Linear correlation plots between DTI metrics FA, MD, and RD (y-axis) and myelin 

measures MWF, PSR, and fm (x-axis). Each point is an ROI mean from an individual mouse 

brain. The shape represents the group: control = circle, Rictor = square, and TSC = x and the 

color represents the WM region: MidCC = blue, GCC = green, SCC = red, AC = cyan, EC = 

magenta, IC = yellow. For significant correlations, r2 is shown in the lower right-hand 

corner of each plot. FA, MWF, PSR, and fm are unitless, MD and RD are in units of μm2/ms.
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FIG. 10. 
Linear correlation plots between DTI metrics FA, MD, and RD (y-axis) and the histologic 

measures da, ρa, fa, and g (x-axis). Each point is an ROI mean from an individual mouse 

brain. The shape represents the group: control = circle, Rictor = square, and TSC = x and the 

color represents the WM region: MidCC = blue, GCC = green, SCC = red, AC = cyan. For 

significant correlations, r2 is shown in the lower right-hand corner of each plot. FA, fa, and g 

are unitless, MD and RD are in units of μm2/ms, da is in units of μm, and ρa is in units of 

axons/μm2.
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FIG. 11. 
Linear correlation plots between DKI metrics MK and RK (y-axis) and myelin measures 

MWF, PSR, and fm (x-axis). Each point is an ROI mean from an individual mouse brain. 

The shape represents the group: control = circle, Rictor = square, and TSC = x and the color 

represents the WM region: MidCC = blue, GCC = green, SCC = red, AC = cyan, EC = 

magenta, IC = yellow. For significant correlations, r2 is shown in the lower right-hand 

corner of each plot. MK, RK, MWF, PSR, and fm are unitless.
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FIG. 12. 
Linear correlation plots between DKI metrics MK and RK (y-axis) and the histologic 

measures da, ρa, fa, and g (x-axis). Each point is an ROI mean from an individual mouse 

brain. The shape represents the group: control = circle, Rictor = square, and TSC = x and the 

color represents the WM region: MidCC = blue, GCC = green, SCC = red, AC = cyan. For 

significant correlations, r2 is shown in the lower right-hand corner of each plot. MK, RK, fa, 

and g are unitless, da is in units of μm, and ρa is in units of axons/μm2.
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FIG. 13. 
Linear correlation plots between WMTI metrics Fa and De,⊥ (y-axis) and myelin measures 

MWF, PSR, and fm (x-axis). Each point is an ROI mean from an individual mouse brain. 

The shape represents the group: control = circle, Rictor = square, and TSC = x and the color 

represents the WM region: MidCC = blue, GCC = green, SCC = red, AC = cyan, EC = 

magenta, IC = yellow. For significant correlations, r2 is shown in the lower right-hand 

corner of each plot. Fa, MWF, PSR, and fm are unitless, De,⊥ is in units of μm2/ms.
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FIG. 14. 
Linear correlation plots between WMTI metrics Fa and De,⊥ (y-axis) and the histologic 

measures da, ρa, fa, and g (x-axis). Each point is an ROI mean from an individual mouse 

brain. The shape represents the group: control = circle, Rictor = square, and TSC = x and the 

color represents the WM region: MidCC = blue, GCC = green, SCC = red, AC = cyan. For 

significant correlations, r2 is shown in the lower right-hand corner of each plot. Fa, fa, and g 

are unitless, De,⊥ is in units of μm2/ms, da is in units of μm, and ρa is in units of axons/μm2.
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