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Abstract

Objective—To determine the pathologic basis of subtle abnormalities in magnetization transfer

ratio (MTR) and diffusion tensor imaging (DTI) parameters observed in normal-appearing white

matter (NAWM) in multiple sclerosis (MS) brains.

Methods—Brain tissues were obtained through a rapid post-mortem protocol that included in

situ MRI. Four types of MRI-defined regions of interest (ROIs) were analyzed: (1) Regions that

were abnormal on all images (“T2T1MTR lesions”); (2) NAWM regions with slightly-abnormal

MTR located close to white matter lesions (“sa-WM Close”); (3) NAWM regions with slightly-

abnormal MTR located far from lesions (“sa-WM Far”); and (4) NAWM regions with normal

MTR (“NAWM”).

Immunohistochemical analysis for each ROI comprised immunostaining for myelin, axonal

markers, activated microglia/macrophages, astrocytes, plasma proteins and blood vessels.

Results—Forty-eight ROIs from four secondary progressive MS brains were analyzed. Sa-WM

Close ROIs were associated with significantly more axonal swellings. There were more enlarged

MHCII(+) microglia and macrophages detected in sa-WM Far, sa-WM Close, and T2T1MTR

lesions than in NAWM. Across all ROIs, MTR and DTI measures were moderately correlated

with myelin density, axonal area and axonal counts. Excluding T2T1MTR lesions from analysis

revealed that MTR and DTI measures in non-lesional WM were correlated with activated

microglia, but not with axonal or myelin integrity.

Interpretation—The pathologic substrates for MRI abnormalities in NAWM vary based on

distance from focal WM lesions. Close to WM lesions, axonal pathology and microglial activation

CORRESPONDING AUTHOR Elizabeth Fisher, PhD Department of Biomedical Engineering, ND20 Cleveland Clinic Lerner
Research Institute 9500 Euclid Avenue Cleveland, OH 44195 USA Telephone: (216) 445-3217 Fax: (216) 445-3224 fishere@ccf.org .
*Present address: CRICM / INSERM-UPMC, UMRS 975, Faculté de Médecine Pierre et Marie Curie, Hôpital Pitié-Salipêtrière,
Paris, France

NIH Public Access
Author Manuscript
Ann Neurol. Author manuscript; available in PMC 2012 November 1.

Published in final edited form as:

Ann Neurol. 2011 November ; 70(5): 764–773. doi:10.1002/ana.22521.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



may explain subtle MRI changes. Distant from lesions, microglial activation associated with

proximity to cortical lesions might underlie MRI abnormalities.

INTRODUCTION

Multiple sclerosis (MS) is the major cause of non-traumatic neurological disability in young

adults in Europe and North America.(1;2) Pathologically, MS is characterized by focal white

matter (WM) plaques along with diffuse WM injury and cortical demyelination.(3;4)

Despite retaining myelin, regions of macroscopically normal-appearing WM (NAWM) in

MS often exhibit chronic injury, characterized by the presence of axonal spheroids and

swellings, mild inflammation, microglial activation, gliosis and increased expression of

proteolytic enzymes.(5) NAWM injury in MS patients is associated with an intrathecal

inflammatory reaction that occurs typically behind a grossly intact BBB, as judged by the

low incidence of gadolinium-enhancing lesions in late-stage MS. This type of injury is

considered to be resistant to currently-available anti-inflammatory and immunomodulatory

treatment(6;7) and has been linked to axonal transection within WM lesions leading to

secondary Wallerian-like degeneration.(8-10)

Focal WM lesions are readily apparent on conventional magnetic resonance images (MRI)

of the brain in MS.(11-14) However, there are only modest correlations between MRI-

visible lesions and neurologic deficit, partly due to undetected tissue damage in the NAWM.

Non-conventional MRI approaches such as magnetization transfer ratio (MTR) and

diffusion tensor imaging (DTI) allow for examination of NAWM in vivo.(15-17) MRI

changes in MS NAWM include reduced MTR, changes in the diffusion properties of water,

alterations in T1 and T2 relaxation times, and reduced N-acetyl aspartate.(18-22) MRI

abnormalities in normal-appearing brain tissue are clinically relevant. MTR histogram

analysis consistently reveals significant differences in MS patients compared to healthy

controls which worsen over the course of disease.(6;23) The MTR peak position is shifted

slightly lower (90-95% of MTR peak position in controls) and the relative peak height is

reduced. Studies of MS patients have shown that WM and gray matter (GM) MTR

abnormalities are associated with disability(24) and GM MTR is an independent predictor of

disability progression over 8 years.(25)

MTR is heterogeneously reduced in both MS lesions and NAWM. Focally demyelinated MS

plaques have severely reduced MTR (20-80% of NAWM MTR). Early animal studies and

MRI-pathology correlation studies of MS lesions reveal strong correlations between MTR

and myelin content.(26-29) For reasons that remain uncertain, some MTR reductions

precede lesion formation.(30) NAWM MTR changes vary with distance from lesions, such

that NAWM around MR-defined lesions has significantly lower MTR than NAWM distant

from lesions.(31) However, the pathologic substrate of subtle MRI abnormalities in MS

NAWM, such as the overall downward shift in MTR histogram peak by 5-10%, has not yet

been identified.

In our previous studies on MRI-pathology correlations, we focused on MR-visible lesions.

(32-34) Our current research aims to determine the pathologic correlates of MRI

abnormalities in NAWM through examination of autopsy brain tissue from patients with

SPMS. Brain tissue for this study was imaged and processed according to the protocol we

used in our previous studies using image-guided tissue sampling.(32-34) Therefore, rather

than the classic histopathologic definition of NAWM, we used standard radiologic criteria to

define NAWM as regions that appear normal on T2-weighted MRI. In this study we

specifically analyzed WM that is normal on T2-weighted images but slightly abnormal on

MTR, including regions both close to and far from lesions, and compared these to regions at

extremes of tissue injury, classified as focal MRI-visible lesions or NAWM with normal
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MTR. In addition to MTR, DTI measures were investigated to provide further insights into

the pathologic correlates of MRI abnormalities commonly detected in NAWM.

MATERIALS AND METHODS

Tissue and tissue acquisition

Collection and use of human tissue was approved by Cleveland Clinic Institutional Review

Board. We applied the same tissue acquisition protocol as described previously.(32) In brief,

consent was obtained from each tissue donor prior to death or from the next-of-kin.

Following notice of tissue donor death, the body was transported to Cleveland Clinic

imaging facility where in situ MRI of the brain was performed. The cadaver was then

delivered for rapid autopsy. The brain and spinal cord were removed and immediately fixed

in 4% paraformaldehyde for at least eight weeks. A second MRI of the brain was acquired

post-fixation in a custom-designed slicing box just before the brain was cut into 10mm thick

coronal sections. Each slice was numbered, stored and subsequently photographed. The

cadaver images were registered to the post-fixation images and reformatted to obtain image

planes that corresponded with each tissue slice, as previously described.(32) MRI-based

region maps were generated to indicate ROIs for immunohistochemical analysis.

MRI: acquisition and analysis

Imaging was performed just prior to autopsy on a 1.5T scanner (Siemens, Erlangen,

Germany). The protocol consisted of 3D T1-weighted MPRAGE, T2-weighted 2D FLAIR,

an MTR image calculated from PD-weighted 3D gradient echo images acquired with and

without an MT pulse (7.68ms 250Hz Gaussian applied 1.5kHz off resonance; H1=8.8μT),

and a standard 6-direction DTI study, with echo planar images acquired 8 times each and

averaged to improve signal-to-noise (maximum b-value = 1000 s/mm2). The resolution of

the MPRAGE image was 1mm3, FLAIR and MTR were 0.9mm × 0.9mm × 3mm, and DTI

was 1.9mm × 1.9mm × 3mm. The DTI dataset was used to calculate fractional anisotropy

(FA), mean diffusivity (MD), axial diffusivity (λ∥), and radial diffusivity (λ⊥) images.

Image characteristics were used to generate region maps to guide tissue sampling. First, the

brain was segmented in the FLAIR image(35) and then further segmented into WM lesions

and normal-appearing brain tissue. To normalize the MTR values across patients, MTR

contrast ratio (CR) images were generated by substituting each voxel intensity with the ratio

of the voxel MTR to the mean MTR in NAWM. The FLAIR-identified WM lesions were

superimposed on the T1-weighted and MTR images and each lesion was analyzed to

identify voxels within the lesion mask that had intensities at least one standard deviation

lower than the surrounding NAWM. Lesions which were abnormal on FLAIR, T1 and MTR

images were classified as T2T1MTR regions. The lesion mask was also used to create a 3D

Euclidean distance map (EDM) which provided the distance of each NAWM voxel from the

nearest WM lesion edge. Cortical GM lesions were not considered in the MRI analysis or

distance maps because cortical lesions could not be detected using the imaging sequences

applied in this study.

ROIs selected for immunohistochemical analysis were manually traced using information

from combined lesion and NAWM masks and from the EDM and MTR CR images. A new

class of “slightly abnormal” NAWM voxels was defined based on MTR CR in order to

identify voxels contributing to the slight downward shift in the MTR histogram, as

illustrated in Figure 1. Four types of MRI-based ROIs were defined for comparison: (1)

NAWM: regions consisting of NAWM voxels with normal MTR (MTR CR ≥ 98%) and

located far from visible WM lesions; (2) sa-WM Far: regions consisting of NAWM voxels

with slightly-abnormal MTR (MTR CR between 90 and 97%) and located far from visible
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WM lesions (distance ≥ 5mm); (3) sa-WM Close: regions consisting of NAWM voxels

with slightly-abnormal MTR (MTR CR between 90 and 97%) and located in close proximity

to WM lesions (distance between 1-4mm); and (4) T2T1MTR: regions consisting of lesion

voxels that were abnormal on T2, T1, and MTR images, as described above.

Forty-eight ROIs were selected and isolated from postmortem MRIs of four MS brains. For

each brain, three tissue slices were examined. Four ROIs (one of each type) were sampled

from each slice. Thus, in total, there were 12 ROIs analyzed for each brain.

Immunohistochemistry

Using the MRI-based region maps as a guide, ROIs were identified and isolated from the

MS brains. Tissue blocks were cryoprotected overnight in 20% glycerol, embedded in 30%

sucrose, and sectioned 30μm thick. These sections were used for immunoperoxidase

histochemistry and immunofluorescence.

Sections were pretreated as described previously,(36) incubated with primary antibodies for

5 days at 4°C, then incubated with biotinylated secondary antibodies and immunostained by

avidin-biotin complex (Vector Laboratories, Burlingame, CA). Diaminobenzidine (Sigma-

Aldrich, St Louis, MO) was used as chromogen. Sections for confocal analysis were

pretreated as described earlier (hydrogen peroxide was amended), immunostained for 3 days

at 4°C, then incubated with secondary antibody conjugated to Alexa Fluor® 594

(Invitrogen, Carlsbad, CA). Primary antibodies used for immunostaining are summarized in

Table 1.

Quantitative analysis

Multiple micrographs of each ROI immunostained with neurofilament-H antibodies were

imaged using 100x objective and 2.5zoom on Leica SP5 confocal microscope (Germany).

Single optical slices of the ROIs were used for quantitative analysis of neurofilaments.

Micrographs of ROIs stained with anti-MBP and anti-MHCII antibodies were digitized

using 20x objective (Leica DM 4000B, Germany). Microphotographs were taken from four

(Neurofilaments) to five (MBP, MHCII) non-overlapping microscopical fields of each ROI.

ROIs immunostained against GLUT-1 were scanned using 10x objective on Leica

DM5500B with motorized x,y stage, operated through Image-Pro Plus. One mosaic image

(average of 150 single images) was acquired for each ROI.

The micrographs were transferred to workstation and quantified using count/measure

features of ImagePro Plus (MediaCybernmetics). Initially, area ranges for each antibody

were chosen empirically to ensure that the automatically determined Image-Pro counted

cell / neurofilament / vessel number correlated with the manual count. Immunopositive

structures within the gated area ranges were outlined and assessed by an investigator.

MHCII-positive cells more than 5000 pixels2 in size corresponded to activated microglia

and macrophages. Neurofilament-H-positive axons which occupied areas more than 2000

pixels2 were considered to be swollen, pathologically enlarged axons. Automated

quantification of swollen axons in Image Pro was followed by manual correction because

axons of normal diameter but oriented longitudinal to the imaging plane would otherwise be

counted as enlarged. Therefore, in sections with a mixture of axially and longitudinally

oriented axons, longitudinally oriented axons with normal diameter were eliminated from

the enlarged axon count. Elements intersected by the upper and/or left edge were not

measured. Total area of immunopositive elements was calculated for each ROI and each

antibody, as was a sum total of all selected areas in μm2. Mean area was determined for each

ROI and each antibody by dividing the total area by the number of axons or cells.

Quantitative analysis of MPB immunoreactivity was performed by automated measurement
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of pixel density, which was expressed as the percentage of MBP immunopositive area to the

total area.

Statistical analysis

We applied a negative binomial regression using the SAS® procedure GENMOD to

determine differences in axonal counts in the studied MS ROIs. Percent of pathologically

swollen axons were compared in the ROIs using repeated measures mixed model. Partial

Spearman’s correlation coefficients (r) were calculated to determine correlations between

MRI measurements and pathology with adjustment for correlated samples. The proportion

of enlarged activated microglial cells were compared across ROI region types using logistic

regression analysis. p<0.05 was considered statistically significant

RESULTS

MRI-pathology correlations were performed on brain tissue acquired from four patients with

secondary progressive MS (two males and two females; mean age 52.5±9.8 years; MS

duration 27.2±14.2 years). The demographic and clinical details on these patients are

provided in Table 2. The mean postmortem time to fixation was 5.8±1.0 hours, including

MRI. The 48 selected ROIs had the following characteristics: NAWM: n=12, mean MTR

CR = 1.0±0.03, mean distance from closest lesion voxels = 10.1±3.7mm; sa-WM Far:

n=12, mean MTR CR = 0.95±0.04, mean distance from closest lesion voxels = 5.8±3.2mm;

sa-WM Close: n=12, mean MTR CR = 0.95±0.03; mean distance from closest lesion voxels

= 2.9±1.5mm; T2T1MTR: n=12, mean MTR CR = 0.65±0.1; mean distance from closest

lesion voxels = 0.2±0.2mm. Representative ROIs for each type and their corresponding

histopathologic features are shown in Figure 2.

In sa-WM Close, abnormal MTR is associated with axonal pathology

T2T1MTR regions were associated with an increased number of pathologically swollen

axons (larger than 2000 pixels2) as compared with NAWM (p<0.001) and sa-WM Far

regions (p<0.01). sa-WM Close regions also contained significantly more pathologically

swollen axons as compared with sa-WM Far (p=0.02) and NAWM (p=0.004) (Figure 3). sa-

WM Close and T2T1MTR regions were not significantly different in terms of the numbers

of swollen axons. When looking at the overall axonal counts, T2T1MTR lesions had

significantly fewer axons as compared with other ROIs (Figure 4) and there was a trend for

sa-WM Close regions to have fewer axons compared to NAWM regions. MTR and all four

DTI measures correlated with axon density, with correlation coefficients ranging from

r=0.42 (p=0.003) for λ∥ to r=0.58 (p<0.0001) for MTR. (Table 3)

MTR and DTI measures were also moderately correlated with mean axonal area. Larger

axonal diameter was associated with lower MTR (r=−0.46, p=0.001) higher MD (r=0.47, p

< 0.001) and lower FA (r=−0.41, p=0.004). Radial and axial diffusivities (λ⊥ and λ∥), from

which FA and MD were derived, were both positively correlated with mean axonal area

(r=0.46, p=0.001 for λ⊥; r=0.38, p=0.008 for λ∥) However, when the T2T1MTR regions

were excluded from analysis and only sa-WM and NAWM, i.e. non-lesional, ROIs were

considered, correlations between mean axonal area and MRI measures were no longer

significant.

sa-WM Far and sa-WM Close ROIs correspond to regions with increased numbers of
activated microglia

The total number of MHCII(+) microglia and macrophages did not differ significantly

between different types of ROIs (Supplementary Figure 1). However, sa-WM Far, sa-WM
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Close, and T2T1MTR regions contained significantly higher numbers of enlarged activated

microglial cells (> 5000 pixels2) as compared with NAWM (p<0.05;Table 4).

Mean MHCII area was not correlated with any of the DTI and MTR measures when all

ROIs were considered. However, when T2T2MTR ROIs were excluded and only sa-WM

and NAWM regions were considered in the analysis, mean MHCII area was correlated with

FA and axial diffusivity, λ∥ (r=−0.33, p=0.05 for FA; r=−0.38, p=0.03 for λ∥; Figure 5).

Myelin status of slightly abnormal NAWM in MS brains

In NAWM ROIs, 81.5±1.7% of region area was occupied by MBP immunoreactivity

(Figure 2, panel D1). sa-WM Close and sa-WM Far corresponded to areas of macro- and

microscopically normal myelin, with 82.5±2.0% and 84.1±1.1% of region area occupied by

MBP, respectively (Figure 2, panels B1 and C1). In contrast, all T2T1MTR ROIs

corresponded to demyelinated lesions (Figure 2, panel A1). The area occupied by MBP-

immunostaining in T2T1MTR ROIs was 6.8±1.4%, which was significantly lower than

other types of ROIs (p<0.0001).

MTR, FA and MD were correlated with MBP density (r=0.49, p= 0.01 for MTR; r=0.38,

p=0.009 for FA; r=−0.41, p=0.005 for MD). Higher radial and axial diffusivities were

associated with lower MBP density (r=−0.51, p<0.001 for radial diffusivity and r=−0.34,

p=0.02 for axial diffusivity). When only sa-WM and NAWM regions were considered in the

analysis and the twelve T2T1MTR regions were excluded, there were no correlations

between MBP density and MRI measures.

Sa-WM Close and Far neighbor demyelinated cortical lesions

All sa-WM Far as well as many sa-WM Close ROIs were located in close proximity to the

cortex. We found that seven sa-WM Far and three sa-WM Close ROIs were adjacent to

demyelinated cortical lesions (leucocortical, intracortical or subpial lesions) (Supplementary

Figure 2). Two sa-WM Far regions were located near focal areas of MHCII(+) cell

activation and expansion and reduced MBP-immunoreactivity on subsequent sections.

Astrogliosis and vascular changes in T2T1MTR and sa-WM

Most T2T1MTR ROIs were associated with reactive astrocytes and gliosis. On the other

hand, only individual scattered reactive astrocytes were found in sa-WM Close and sa-WM

Far ROIs.

GLUT-1(+) blood vessel number and size were not significantly different in studied ROIs.

In T2T1MTR ROIs, there were 40.1±2.9 vessels/mm2 compared to 46.4±5.8 vessels/mm2 in

NAWM (n.s.). Similarly, vessel sizes ranged from 989±72.5 um2 in T2T1MTR lesions to

1171.4±157.9 um2 in NAWM (Supplementary Table 1). Plasma protein immunostaining

revealed “leaky” vessels in all studied ROIs, including NAWM regions. Patterns of the

plasma protein distribution were different in T2T1MTR and other ROIs: diffuse in

T2T1MTR but vasculocentric and focal in sa-WM Close, sa-WM Far and NAWM

(Supplementary Figure 3).

DISCUSSION

The pathologic substrates of subtle MTR and DTI abnormalities in NAWM of MS brains

have not been specifically addressed in previous MRI-pathology correlation reports. The

present study used image-guided sampling of MS brain tissue acquired through rapid

autopsy to investigate the pathologic correlates of these MRI characteristics in non-lesional

WM. The following observations were made: (i) the pathologic substrates for subtle MTR
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abnormality in MS NAWM vary depending on proximity to WM lesions; (ii) reduced MTR

is associated with axonal swelling in NAWM regions close to WM lesions but not in regions

far from WM lesions; (iii) NAWM regions with reduced MTR (either far from or close to

lesions) have increased numbers of enlarged microglia / macrophages, and the density of

enlarged microglia correlates with DTI measures; (iv) regions of NAWM with reduced

MTR often neighbor demyelinating cortical lesions. These findings suggest that a portion of

the MTR abnormality in MS NAWM can be accounted for by axonal degeneration and

microglial activation. Chronic cortical plaques might also contribute indirectly to reducing

MTR in subcortical NAWM by activating nearby microglia. We did not observe significant

differences in myelin density, blood vessel number, or plasma IgG deposition (“leaky”

vessels) in NAWM regions with slightly abnormal MTR as compared to NAWM regions

with normal MTR. Numbers of astrocytic glial cells did not differ in the studied NAWM

ROIs.

Consistent with prior reports,(32) we confirmed that there are fewer axons in T2T1MTR

lesions as compared to NAWM. We did not find significant differences in axonal counts

between the three types of non-lesional WM ROIs (sa-WM Close, sa-WM Far and NAWM

ROIs). However, there were more swollen axons in both T2T1MTR lesions and sa-WM

Close ROIs as compared with sa-WM Far and NAWM ROIs (Figure 3). In earlier

morphological studies of MS brains and spinal cord, reduced axonal density and swollen

degenerating axons were found around demyelinated plaques and within defined fiber tracts

emerging from plaques.(2;3)(9)(37) Our current observations are generally in line with

previous reports and suggest that MTR abnormality in NAWM around MS lesions might

partly be explained by axonal destruction in the lesions followed by secondary axonal

degeneration and increase in axonal water in peri-plaque WM.

In the present study of MRI correlates of pathology, we did not find differences in myelin,

astrogliosis or vascular changes in sa-WM Close or sa-WM Far ROIs as compared with

NAWM ROIs. On the other hand, sa-WM ROIs were associated with microglial activation,

as indicated by significantly increased density of activated MHCII(+) microglia and

macrophages and formation of microglial nodules. Low or moderate density perivascular

cuffs of mononuclear leukocytes were also noted in sa-WM Close and sa-WM Far regions.

We did not observe tissue infiltration by T-lymphocytes in the studied ROIs except in

T2T1MTR chronic lesions.

It is important to note that sa-WM is different both radiologically and pathologically from

“dirty appearing white matter” (DAWM).(17;38) Radiologically, DAWM is defined as WM

with diffusely abnormal signal intensity on T2-weighted weighted images, whereas sa-WM

has normal T2 signal intensity. Like sa-WM regions, DAWM is located outside of focally

demyelinated plaques and has lower MTR than NAWM.(17) However, unlike sa-WM,

DAWM is associated with prominent loss of myelin, chronic fibrillary gliosis, presence of

inflammatory infiltrates and blood-brain barrier alterations.(38-40) Therefore, it is expected

that there would be differences in the pathologic characteristics that determine MRI

abnormalities in sa-WM and DAWM, and the findings in these two distinct types of non-

lesional MS brain tissue cannot be directly compared.

In this study, subtypes of NAWM regions were defined based on MTR and distance to

lesions. Demyelination has been proposed to be the major pathologic substrate for decreased

MTR within MS lesions,(29) and our findings of relatively strong correlations between

MTR and myelin density across all ROIs are consistent with previous reports. However,

additional pathologic features may contribute to the MTR signal.(27)(32;34) When we

excluded lesions from the analysis, MTR was no longer correlated with myelin density,

suggesting that other pathologic processes were responsible for MTR differences in
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NAWM. In non-lesional WM where myelin is preserved, we mainly observed differences in

axonal pathology and activated microglia in regions with slightly abnormal MTR as

compared to NAWM with normal MTR. To our knowledge, there have not been prior

studies on the pathologic correlates of abnormal MRI measures in NAWM as there have

been for lesions.

We also investigated pathologic correlates of DTI measurements because DTI is another

method used to quantify tissue damage in NAWM in vivo. Pathologic correlates of DTI

changes have also been described in lesions, (42;43)(44) but not in non-lesional WM of MS

brains. The current study used in situ imaging, short post-mortem intervals, and contrast

ratios to minimize the potential impact of post-mortem changes in DTI measures.(45-47) In

our analysis of DTI parameters across all ROIs (non-lesional WM and focally demyelinated

lesions), FA, MD, λ∥ and λ⊥ were all moderately correlated with markers of myelin and

axonal damage, but not with enlarged microglia/macrophages. Interestingly, in the non-

lesional regions, decreases in FA and λ∥ were associated with activated microglia and the

presence of microglial nodules. There was also a trend for a correlation between MD and

axonal count in the non-lesional regions. Overall, these results suggest that in non-lesional

WM, subtle increases in MD may be indicative of axonal loss, and decreases in FA and λ∥
may signal microglial activation.

Importantly, we also found that many sa-WM far ROIs were located near cortical lesions.

These ROIs were associated with microglial activation. We also noted variable numbers of

dystrophic swollen axons in sa-WM far ROIs without significant differences as compared

with NAWM. Previous MRI and histopathologic studies suggested that grey matter and

white matter abnormalities might occur largely independently from each other, or evolve in

different time frames.(3;48;49) It is plausible, however, that activated microglia and

secondary axonal degeneration in sa-WM Far regions might be causally related to nearby

cortical pathology.

In summary, this study addresses a previously unexplored question: What are the pathologic

substrates of subtle MRI changes consistently observed in MS NAWM in vivo, including the

slight downward shift in the MTR histogram and changes in DTI measurements? Due to the

strong correlations between MTR and myelin in lesions, shifts in the MTR histogram are

often assumed to be due to changes in myelin. However, in non-lesional WM we did not

observe differences in MBP immunoreactivity between NAWM regions with different

MTRs. Our data suggest that subtle MTR abnormality in NAWM in close proximity to WM

lesions can be attributed to axonal degeneration and microglial activation. In contrast, subtle

MTR abnormalities in NAWM far from lesions are associated with marked microglial

activation but not with axonal pathology. Previous studies show that MTR and DTI

abnormalities in MS NAWM correlate with disability, but are not altered by currently

available treatments.(6;7) A better understanding of the substrate for these changes may lead

to more targeted imaging outcome measures for new therapies that target secondary axonal

damage and microglial activation in NAWM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Example images from an MS tissue donor to demonstrate method used to identify sa-WM

ROIs. The FLAIR image (A) and corresponding MTR image (B) are shown, along with

typical MTR histograms (C) showing the slight shift to the left for the MS patient as

compared to an age-matched control. After the FLAIR image is segmented into normal-

appearing white matter and T2-hyperintense lesions (D), the corresponding MTR image (B)

is masked (E) and the remaining voxels that fall within the normal-appearing white matter

and have MTR values in the range of 90-95% of the mean for NAWM are identified as

candidate sa-WM ROIs (F). sa-WM Close and Far ROIs were selected manually from these

candidate regions to insure partial volume gray matter voxels were not included.
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Figure 2.

Histopathological changes in MS regions of interest (ROIs): T2 T1 MTR (A-A3), sa-WM

Close (B-B3), sa-WM Far (C-C3) and NAWM (D-D3). Macrographs of MS brain slices

with superimposed outlines of studied ROIs are shown in the left panel. Myelin

immunoreactivity is reduced in T2 T1 MTR ROIs (A1). Myelin status remains unaltered in

sa-WM Close (B1), sa-WM Far (C1) ROIs. The density of activated microglia is increased

in T2 T1 MTR ROIs (A2), sa-WM Close (B2), sa-WM Far (C2) as compared with NAWM

(D2). Remarkably altered microglial morphology is noted in sa-WM Far as shown on the

high-magnification insert, where MHCII+ microglia exhibit typical morphology of

phagocytic cells. Significant axonal loss and many dystrophic axons are revealed in T2 T1

MTR lesions (A3). Dystrophic and transected axons are also found in sa-WM Close (B3),

whilst axonal number and morphology are not significantly modified in sa-WM Far (C3)

and NAWM (D3).
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Figure 3.

Pathologically enlarged axons were observed in all 4 types of ROIs. (A) The mean percent

area occupied by pathologically enlarged axons was highest in T2T1MTR lesions, followed

by sa-WM Close, sa-WM Far, and NAWM ROIs. (*p<0.05, **p<0.01, ***p<0.001) (B)

Numbers of axons were lower in T2T1MTR lesions as compared to sa-WM Close, sa-WM

Far and NAWM ROIs. There was a trend (p=0.10) for lower axon counts in sa-WM Close

ROIs. (*p<0.05, **p<0.01, ***p<0.001)
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Figure 4.

MHCII(+) cell areas and axial diffusivity, demonstrating correlations in sa-WM and NAWM

ROIs.
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Table 4

Number of activated MHCII(+) cells in MS ROIs.

Imaging
characteristics

T2T1MTR sa-WM Close sa-WM Far NAWM

Total number of
MHCII cell

3866 4298 4621 3979

MHCII cell area

>5000px2 831 (21%)*** 765 (17.8%)*** 791 (17%)*** 596 (15%)

***
p<0.001 in T2T1MTR, sa-WM Close, sa-WM Far as compared with NAWM
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