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Abstract

Purpose—The goal of this study was to establish the relationship between ALS histopathology 

and quantitative MRI metrics.

Methods—ALS patients (N=8) in advanced stages of the disease were enrolled and, immediately 

after death, the brain of each patient was removed. Freshly excised ALS tissue was imaged at 3.0 

T with T1 and T2 mapping protocols and subsequently stained with astrocyte, myelin, and 

neuronal markers. Measures of ALS histological stains were compared to the internal control 

(primary visual cortex) and longitudinal parametric maps.

Results—Post-mortem T1-weighted images demonstrate diminished contrast between gray and 

white matter and alterations in T1 relaxation within the primary motor cortex. An increase in 

astrocyte number and reactivity as well as evident neuronal loss, a decrease in axonal density, and 

unraveling of the myelin sheaths in subcortical white matter were found in the ALS primary motor 

cortex (PMC) exhibiting significant T1 relaxation and contrast changes.

Conclusion—This study provides a histopathological basis for differences in MR T1 contrast 

and relaxation seen in the ALS brain.
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Introduction

The progressive loss of upper motor neurons (UMN) in the motor cortex and lower motor 

neurons (LMN) within the spinal cord and brainstem are hallmarks of amyotrophic lateral 
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sclerosis (ALS) (1, 2). Most cases occur sporadically and are of unknown etiology as the 

progression of cellular events in the nervous system from initial insult to final cell death is 

unknown. The diagnosis of ALS early in the clinical course, before the neurological 

examination findings are classic, may be challenging (3). A diagnosis of UMN ALS is made 

based upon clinical manifestation of the disease, when clinical signs appear only after 

neurons in the primary motor cortex (PMC) have been profoundly affected (4). The 

pathological events precipitating disease onset and the pattern of disease progression are not 

fully understood (5).

Magnetic resonance imaging (MRI) is a noninvasive technique that provides structural 

information on both cell loss and metabolic changes (6). However, the manner in which 

MRI parameters relate to the specific physical changes in the ALS brain has not been 

established and validated. The goal of this research was to study the relationship between 

post-mortem quantitative MRI and ALS histo-pathology. The aim is to develop a deeper 

understanding of ALS pathophysiology as viewed through non-invasive MR imaging 

metrics.

Methods

ALS Patients and Controls

Eight upper motor neuron ALS patients (7 male, ages 56 to 83 (mean 64.7 ± 3.7) years) 

were recruited with informed consent through the ALS Clinic at The Pennsylvania State 

University – M.S. Hershey Medical Center following institution review board approved 

guidelines. All ALS subjects were clinically evaluated at study entry and during subsequent 

patient visits with ALS-specific demographics and clinical markers of disease severity. 

Manual muscle testing, as measured by the Medical Research Council (MRC) scale (7), 

ALS Functional Rating Scale-Revised (ALSFRS-R) (8), and El Escorial ALS classification 

(9) were determined during patient visits. As rapidly as possible after death, the brain of 

each patient was removed with consent following institutional guidelines. Control tissue 

from the primary motor cortex of six cognitively normal subjects (4 male, ages 52 to 70 

(mean 60 ± 2.5) years) was obtained from the Harvard Brain Tissue Resource Center 

(McLean Hospital, Belmont, MA) in a fixed state with 10% formalin following institutional 

guidelines. Fixed PMC control tissue samples were used for histological comparison to ALS 

PMC tissue. Procuring normal aged control post-mortem tissue in a fresh state for MR 

imaging within a timely fashion following unexpected passing was not possible in the 

current study. A flowchart of the methods can be seen in Fig 1.

MRI Scan

Freshly excised whole brains of ALS patients were hemi-sectioned in the midsagittal plane 

including the brainstem and cerebellum. The right hemisphere was rinsed in cool water and 

placed in an airtight cylindrical container, embedded in liquid dental alginate, and sealed to 

prevent tissue desiccation. The alginate was prepared immediately prior to embedding with a 

final mixing ratio of 50% by volume with cool distilled water (dH2O). Upon setting, the 

alginate becomes an elastic solid material with high water content which aids in tissue 

preservation, stability to reduce settling, and acts as an anti-desiccant to maintain tissue 
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hydration during MR imaging without altering cortical surface transverse and longitudinal 

relaxation times (10, 11).

Embedded fresh ALS tissue was allowed to reach ambient room temperature (22°C) and 

placed in a quadrature head transmit and receive RF coil within a 3.0 T Bruker Biospin 

system (Ettlingen, Germany). A 3DT1 sequence with a TE/TR = 4.8/25.33 ms, scan matrix = 

256 × 256 × 60, FOV = 200 × 200 × 60 mm, resolution = 0.78 × 0.78 × 1 mm, eight 

averages for a total time of 2h26m. For T2 transverse relaxometry a spin-echo (SE) multi-

slice multi-echo (MSME) T2 scan was employed with a TE/TR = 14/5000 ms, scan matrix = 

256 × 192, FOV = 200 × 200 mm, resolution = 0.78 × 1.04 mm, 3mm slice thickness, 20 

slices, 14 echoes (14 – 196 ms), eight averages, flip angle = 180°, for a total time of 1h4m. 

For longitudinal T1 relaxometry a MSME variable timing T1 scan (12) was used with a TE = 

14.18 ms, scan matrix = 256 × 256, FOV = 200 × 200 mm, resolution = 0.78 × 0.78 mm, 

2mm slice thickness, 10 slices, 8 TR times (125, 250, 500, 1000, 2000, 3000, 4000, and 

6000 ms), and three averages for a total time of 3h37m. The time constraints of the imaging 

sessions to scan the fresh tissue as rapidly as possible necessitated the inclusion of imaging 

protocols with slightly different resolutions. The slice selection of all imaging protocols was 

chosen to cover the entirety of the bisected sagittal neuro-imaging plane including the 

primary motor cortex and surrounding tissue.

MRI Analysis

After completion of the imaging protocols, the fresh ALS tissue was carefully removed from 

the embedding material and processed similar to the control tissue such that it was placed in 

low odor 10% formalin for a period of one week at 4°C, with three formalin changes, to 

allow full fixation of deep tissue regions. A three-dimensional surface rendering of the 3DT1 

data for each bisected brain was created with MRIcro (University of South Carolina, 

Columbia, SC, USA) from the MDEFT 3DT1 data to facilitate the precise localization of 

regions of interest (ROIs) for MRI analysis and excision of these regions from the whole 

fixed tissue for histological evaluation. The region of affected motor cortex, as defined by 

the decrease between gray and white matter tissue contrast in the T1-weighted MR images, 

was dissected and other regions were taken from the same sagittal image plane. A standard 

regime for the selection and drawing of regions of interest was utilized to account for any 

morphological difference between patient brain samples. The gyral region for the ROIs was 

clearly determined on the three dimensional surface model and the same region was selected 

on the two dimensional T1 and T2 magnitude images (Fig. 2). Gray matter regions of interest 

were selected to include the gyral gray matter from sulcus to sulcus. White matter ROIs 

were selected to include subcortical white matter under the selected gray matter region with 

a boundary line drawn from sulcus to sulcus. The gray matter and white matter boundary 

was determined by the contrast on the datasets. In the case where the boundary interface 

contrast was diminished, such as the ALS PMC, the magnitude images had their contrast 

visually enhanced to improve the delineation of gray and white matter ROIs. These regions 

of interest were then loaded onto the parametric relaxation maps, created from the same T1 

and T2 data sets that were used to define the ROIs on the magnitude images, and T1 and T2 

relaxation values obtained. Visual enhancement on the magnitude images does not alter the 

relaxation measures obtained from the ROIs. Relaxation rate averages for a) T1 and b) T2 
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were quantified from the variable timing T1 and multi-echo T2 relaxation datasets from 

sagittal slices, respectively. For quantitative relaxation measurements of regions of interest, 

T1 and T2 datasets were analyzed with a linear regression method (12, 13) on in-house 

software (qMRI, The Pennsylvania State University, Hershey, PA, USA) running on the 

IDL 6.1 platform (Research Systems, Inc., Boulder, CO, USA). All MRI datasets were 

analyzed by MM and NM (4 and 2 years experience, respectively) blinded to the clinical and 

histo-pathological data. Relaxation curve fits for the transverse (T2) relaxation had the first 

echo image removed from the calculation to account for steady state magnetization. 

Longitudinal T1 and transverse T2 Relaxation rate ratios for were determined by dividing the 

gray matter T1 (or T2) relaxation rate by the white matter T1 (or T2) relaxation rate.

Specifically, neocortex gray matter and subcortical white matter regions of interest selected 

from the anterior prefrontal cortex (aPFC) (Brodmann area 10), premotor cortex – 

supplementary motor area (pMC) (Brodmann area 6), primary motor cortex (PMC) 

(Brodmann area 4), primary somatosensory cortex (SC) (Brodmann areas 3, 1, 2) and the 

primary visual cortex (PVC) (Brodmann area 17). Following imaging, ALS tissue blocks 

approximately 1.0 - 1.5 cm3 in volume from the same regions of interest used for relaxation 

measures were dissected, paraffin embedded following traditional methods, sections cut at 

12 μm on a microtome, floated, and placed on poly-L-lysine and gelatin double coated 

slides.

Histopathology

Myelin Staining and Densitometry—Tissue sections were deparaffinized in xylene 

then hydrated through multiple ethanol gradients to final dH2O rinses. Sections were stained 

with filtered 0.1% Luxol Fast Blue (LFB) (14) (Luxol Fast Blue - MBS, Solvent Blue 38; in 

95% ethanol with 0.5% glacial acetic acid) (S3382, Sigma-Aldrich, St. Louis, MS, USA) 

solution for precisely 24 hours at room temperature (maintained at 22°C). Sections were 

then rinsed in 95% ethanol followed by dH2O before differentiation in 0.05% lithium 

carbonate (L4283, Sigma-Aldrich, St. Louis, MS, USA) (in dH2O) solution for exactly 40 

seconds. Differentiation was continued in 70% ethanol for exactly 40 seconds. Sections 

were then rinsed in dH2O and counterstained with 0.1% cresyl violet solution (C1791, 

Sigma-Aldrich, St. Louis, MS, USA) (in dH2O with 10 drops of glacial acetic acid 

immediately prior to usage) for exactly one minute, rinsed in dH2O, dehydrated in 95% 

ethanol twice for five minutes followed by two five minute passes through xylene till final 

coverslipping according to standard procedures. Great care was taken during the 

differentiation stages in the lithium carbonate and 70% ethanol as the length of 

differentiation time influences stain saturation. As such, the differentiation time points were 

standardized amongst samples to allow densitometric comparison between samples. Dried 

slides were then scanned with a calibrated Bio-Rad GS-800 densitometer along with 

standards to grade the amount of differentiation for final quantification comparison. Tissue 

sections were stained in large batches to control for procedural variability. To confirm the 

lack of variation between samples, serial sections from the same tissue source were stained 

in different batches and were determined to have no statistical difference in optical density. 

Quality assurance slides were made using materials of varying opacity and used to 

determine precision of the densitometer and normalize measurements between batches. 
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Densitometer measurements were taken in gray matter and white matter regions of interest 

and quantified per tissue type. Quantity One 4.5 software (Bio-Rad Laboratories, Hercules, 

CA, USA) was used to subtract background light and measure optical density of LFB 

stained myelin in white matter.

Astrocyte and Neurofilament Staining—Five tissue sections from each ROI per ALS 

brain were deparaffinized in xylene then hydrated through graded ethanol solutions to dH2O. 

Primary antibodies used were monoclonal mouse anti-glial fibrillary acidic protein (GFAP) 

(GA5) antibody (NCL-GFAPGA5, Novovastra - Leica Microsystems, Buffalo Grove, IL, 

USA) at 1:100 dilution and monoclonal anti-neurofilament 200kD (MAB377, Chemicon 

International, Temecula, CA, USA) at 1:500 dilution in phosphate buffered saline (PBS) 

diluted blocking serum. Staining was accomplished according to the manufacturers’ 

instructions using the avidin-biotin complex peroxidase method (ABC Elite Kit, Vector 

Laboratories, Burlingame, CA, USA). The manufacturers’ instructions were amended with 

an epitope retrieval step using 10 mM citrate buffer pH 6.0 at 95°C for 20 min following 

tissue hydration. 3, 3′-diaminobenzidine tetrahydrochloride (D4418, Sigma-Aldrich, St. 

Louis, MS, USA) was used as a peroxidase substrate with an incubation time of five 

minutes. The tissue was then rinsed in dH2O, dehydrated to xylene through graded ethanol, 

and coverslipped. Sections were observed on a Nikon Optiphot microscope and images were 

acquired with a Nikon DS-Fi1 camera and processed with Nikon Elements Imaging 

software.

Transmission Electron Microscopy—Fresh non-fixed ALS tissue blocks 

approximately 1 cm3 of neocortex and subcortical white matter were harvested from each 

ROI per ALS brain and immediately placed in a 4% paraformaldehyde / 2.5% 

gluteraldehyde solution overnight. Regions of subcortical white matter with dimensions of 

approximately 1 × 1 × 3 mm were dissected from the aforementioned 1 cm3 blocks with the 

extended dimension parallel to the white matter myelin bundle orientation. These small 

blocks were put back in fresh paraformaldehyde/gluteraldehyde fixative for two hours. The 

tissue was then washed three times in cold 0.1 M sodium cacodylate buffer (C4945, Sigma-

Aldrich, St. Louis, MS, USA) (pH 7.4) for 10 min. This was followed by post fixation/

staining in 2% osmium tetroxide (75632, Sigma-Aldrich, St. Louis, MS, USA) buffered with 

0.1 M sodium cacodylate overnight at room temperature. The tissue was then rinsed three 

times in cold 0.1 M sodium cacodylate buffer for 10 min each to remove the osmium 

tetroxide. This was followed by tissue dehydration through graded ethanol and two final 30 

min dehydrations in 100% propylene oxide followed by embedding in epoxy resin. Sections 

were cut at 90 nm using a diamond knife microtome, perpendicular to the orientation of the 

white matter bundles. These sections were then transferred onto a copper grid, observed at a 

magnification of x7700, and photographed on a Philips TEM 400 followed by visual image 

assessment of myelin degradation.

Quantification of Astrocytosis and GFAP Positive Count—Gray matter, white 

matter, and the gray-white matter boundary were observed and scored in a blinded fashion 

(MM and NM, 4 and 2 years) for degree of astrocytosis and GFAP positive count on a 

standardized 200× imaging field. Multiple imaging fields were quantified for each slide of 
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each ROI per ALS and control brain. Regions were scored from one to five based on the 

following criteria adapted from review of previous histological quantification of astrocytosis 

(15); a score of one indicated few astrocytes with none displaying reactive morphology. A 

score of two indicated few astrocytes with some displaying reactivity (~25%). A three 

indicated a noticeable increase in astrocyte number with patchy distribution of reactive 

astrocytes (~50%). A four indicated a noticeable increase in astrocyte number with many 

reactive astrocytes (~75%). A five indicated a remarkable increase in astrocyte number with 

almost all displaying reactive morphology (~100%). Reactive astrocytes were characterized 

from those in a resting state by their hypertrophy, larger size, enlarged and extended 

processes, and increases in intermediate filaments (16, 17).

Astrocytes positive for GFAP in ALS tissue were counted in specific regions of interest. A 

standardized imaging field was utilized on 200× magnification images such that all images 

had GFAP positive astrocytes counted and averaged within this defined field. Astrocytes 

were considered positive if they demonstrated GFAP antibody binding in either activated, 

intermediate, or resting states.

Statistical Analysis

MRI relaxation measures results were statistically analyzed using an Analysis of Variance 

(ANOVA) and a Tukey’s post-hoc for pairwise comparison within ALS ROIs in the SPSS 

software suite (IBM Corporation). Histological astrocyte count and densitometry metrics 

were analyzed with an ANOVA and post-hoc tests for comparison between ALS and control 

tissue and within ALS samples. An Analysis of Covariance (ANCOVA) followed by 

pairwise post-hoc comparison was used to test if the MRI scan delay, ALSFRS measure, and 

disease duration were statistical covariates within the design. With regard to the ALSFRS 

measurement, the inability to predict patient death required that the last patient visit 

ALSFRS be used in the analysis. With the nature the ALS disease course, had the ALSFRS 

been taken just prior to death it is logical to assume the measure would be reduced compared 

to the last visit. A Mann–Whitney U test was further used to determine significance in the 

degree of astrocytosis due to the ordinal ranking scale utilized.

Results

The mean of the patient ALS – Functional Rating Scale (ALSFRS) score at last clinical visit 

prior to death was 23.0 ± 2.9. The average disease duration (time between onset and death) 

was 27.4 ± 4.1 months. The average time between the last ALSFRS examination and time of 

death was 3.9 ± 1.4 months. The average MRI scan delay between tissue excision and 

scanning was 24 ± 14.8 hours.

A representative T1-weighted image from the three-dimension data of an ALS cadaver brain 

is seen in Fig. 2a. Magnetic resonance images of freshly excised ALS cadaver brains 

visually show increased signal contrast (hyperintensity) in the gray matter of the PMC 

(anterior central gyrus), central sulcus gray matter, and samotosensory cortex (posterior 

central gyrus). Deep white matter shows little difference in overall contrast while anterior 

central gyrus subcortical white matter, especially at the white matter / gray matter boundary, 

shows a decrease (hypointensity) in T1-weighted contrast. There is a lack of gray and white 
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matter boundary contrast within the primary motor cortex (arrow), when compared to other 

brain regions of ALS cadaver brains. A three dimensional surface rendering of the same 

3DT1 data in Fig. 2a is seen in Figs. 2b and c viewed laterally and dorsally, respectively. 

The surface rendering clearly portrays the gyri and sulci of the ALS brain to aid in 

localization of region of interest for tissue dissection. The dorsal view of the rendering 

highlights the location of the slice selection in Fig. 2a. The slice selection exhibiting 

dimension T1 contrast in the PMC is in the location of the hip, knee and trunk along the 

motor cortex homunculus. Manual muscle testing at the last patient clinical visit prior to 

death of this patient determined lower extremity involvement in the hip and knee. Region of 

interest selection for gray (blue) and white (red) matter in the measurement of MR T1 and T2 

parametrics is represented in Fig. 2d. The visual contrast is reflected in the relaxation rate 

measurements of gray and white matter in the PMC as seen in Fig. 3. For T1 ratios, the PMC 

was significantly less than all other included regions of interests (p < 0.000, 0.008, 0.04, and 

0.05 for aPFC, pMC, SC and PVC respectively). The average T1 rate for PMC gray matter 

was slightly decreased (1545 ± 58 ms; p < 0.46, 0.01, 0.15, and 0.40 for aPFC, pMC, SC 

and PVC, respectively) while a more pronounced significant increase was found in white 

matter (1218 ± 25 ms; p < 0.000, 0.10, 0.77, and 0.001 for aPFC, pMC, SC and PVC, 

respectively) compared to other ROIs. The resultant ratio indicates that T1 rates for gray and 

white matter are approaching one another, with white matter being the dominant 

contributing factor. This is seen on the T1 weighted image as a decrease in T1 contrast in 

PMC gray matter, approaching that of white matter. The aPFC T1 ratio was also 

significantly increased compared to the pMC, SC and PVC (p < 0.03, 0.004 and 0.000, 

respectively). Relaxation ratios for T2 gray matter to white matter showed significant 

differences between the aPFC and the SC (p < 0.02) as well as the PVC (p < 0.04). No 

significance was observed in T2 ratios for the PMC compared to other regions of interest. 

The analysis of covariance (ANCOVA) inclusion of MRI scan delay after death, final 

ALSFRS measure, and disease duration as covariates in the statistical design did not reduce 

the statistical significance of the gray, white, or gray/white matter ratio T1 or T2 measures (p 

< 0.05, in all cases).

Neurofilament staining for neuronal bodies and axons, GFAP staining for astrocytes, and 

Luxol fast blue for myelin density in the PMC are seen for both controls and ALS tissue 

samples in Fig. 4a at 50x, 200x and ~10× magnification, respectively. Neurofilament 

staining indicates that there is a decrease in neuronal body staining and reduction in the 

length of associated neuronal axons in ALS tissue. Astrocyte staining shows less 

proliferation of GFAP positive astrocytes in control tissue compared to ALS tissue. 

Astrocytes found in the ALS PMC show an upregulation of GFAP positive filaments. The 

proliferation, hypertrophy, and cellular processes associated with ALS astrocytes are 

indicative of a reactive state. Luxol fast blue staining of myelin is more pronounced in white 

matter of ALS PMC tissue, indicative of oligodendrocyte myelin sheath deterioration.

Astrocyte cell counts in gray matter, WM/GM boundary, and white matter are seen in Fig 

4b. The PMC exhibits significantly more positive GFAP cells in the gray matter than the 

primary visual cortex (p < 0.000). White matter and WM/GM boundary cell counts were not 

significant between regions of interest. Within the primary motor cortex, gray matter had 

significantly more GFAP positive astrocytes than white matter (p < 0.03) and the WM/GM 
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boundary (p < 0.028). White matter within the primary visual cortex had significantly more 

astrocytes and gray matter (p < 0.000). Gray matter within the primary visual cortex had 

significantly less GFAP positive astrocytes than the WM/GM boundary (p < 0.016)

The degree of astrocytosis for GFAP positive astrocytes in the primary motor cortex tissue 

of control and ALS samples is seen in Fig. 4c. The degree of astrocytosis in gray matter was 

not significantly different between ALS and control PMC tissue. Both the gray/white matter 

boundary (p < 0.014) and white matter (p < 0.003) were significantly different with ALS 

tissue having more astrocytosis. Comparison of regions within the control PMC tissue show 

that the boundary region exhibits significantly more astrocytosis than gray matter (p < 

0.009) and white matter (p < 0.036). Within ALS tissue, a comparison of regions shows that 

the boundary and white matter have more astrocytosis than gray matter, p < 0.004 and p < 

0.015 respectively.

Quantification of Luxol fast blue myelin staining of all regions examined in ALS tissue and 

control primary motor cortex white matter through densitometry measurements is viewed in 

Fig. 5. Densitometry measures were significantly different, with the ALS PMC exhibiting 

more Luxol staining density than control tissue (P < 0.000). Regions of interest included the 

anterior prefrontal, premotor, primary motor, somatosensory, and primary visual cortices. 

The ALS Primary Motor Cortex had significantly more Luxol stain density than the anterior 

prefrontal (P < 0.000), premotor (P < 0.000), somatosensory (P < 0.000), and primary visual 

cortices (P < 0.025). For simplicity, the only regions which did not reach significance were 

the premotor cortex compared to the somotosencory cortex and the control PMC (P > 0.05).

Transmission electron microscopy images taken from ALS a) primary motor, (b) anterior 

prefrontal, and (c) primary visual cortices white matter are seen in Fig. 6. The myelin 

sheaths surrounding axons in the PMC are delaminated, unraveled, distressed, and fewer in 

number as compared to anterior prefrontal and primary visual cortices white matter axons.

Discussion

This study illustrates that longitudinal T1 relaxation is altered in the ALS cadaver PMC and 

coincides with histological changes in neuronal milieu, cellular architecture, astrogliosis, 

and myelination. Neurofilament staining indicates a decrease in neurons and reduction in 

protruding axons in the ALS PMC, which is in agreement with previous research of 

selective degeneration of cortical motor neurons (18, 19). Astrocyte proliferation and 

reactive state are increased in the ALS tissue, also in agreement with previous research 

(20-24). Myelin examination reveals changes in structure which are supported by transgenic 

rat and ALS imaging studies (25, 26). These three factors, cellular architecture, astrogliosis, 

and myelination, all synergistically contribute to alterations in T1 relaxation and T1-

weighted contrast through a relaxation component model into which water may be 

distributed (extracellular, cytoplasmic, and vesicular) and the state (free, structured, and 

bound) in which the water is bound to the surrounding tissue.

Regions of T1 decrease have been reported in multiple diseases and are associated with brain 

atrophy, disability, and disease progression (27). The ALS cadaver brains exhibited an 
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average decrease in T1 relaxation time within the PMC gray matter and an increase in white 

matter resulting in a convergence of T1 relaxation for these regions. Alterations in T1 have 

been associated with cellular architecture (fat content, protein containing fluids, proton 

density), macrophage infiltration (27, 28), free radicals (27, 29), myelination (30), and/or 

other paramagnetic substances (calcium mineralization, iron concentration, paramagnetic 

trace elements). Normal variation of T1 relaxation rates and T1 contrast across the 

neocortical gray and white matter does not explain the changes found in the ALS brain. In 

normal brain tissue, the variance in T1 relaxation and contrast from one location of 

neocortical gray and white matter to another, respectively, remains small and are not 

significantly different (31-33).

The histology data supports cellular changes in the PMC gray matter of the ALS tissue that 

instigate a reduction in T1 relaxation rate. Upper motor neuron and associated axonal loss is 

present in the ALS tissue. The alterations to proton relaxation and signal on MR images are 

due to biochemical changes that affect the magnetic field as the brain tissue undergoes 

structural modifications such as selective neuronal death and glial proliferation (34). With 

the death of neurons and increased proliferation of glial cells the neuronal milieu is 

considerably altered. The breakdown of dead neurons and neuronal axons releases free lipids 

and protein into the interstitial fluid of the surrounding tissue. Having lost the 

compartmentalization of these compounds, free water is able to interact with these 

macromolecules. As such, the proton water transiently interacts with proteins, lipids, and 

other macromolecules which enhance proton-lattice relaxation in the form of dissipated 

thermal motion of the molecules.

Astrocyte proliferation, especially reactive astrocytes characterized by hypertrophy with 

enlarged and extended processes and increases in intermediate filaments, also contribute to 

T1 shortening. The degree of astrocytosis and astrocyte reactivity in the PMC of the ALS 

tissue is increased in the sub-cortical gray matter along the white-gray matter boundary 

compared to control tissue. The use of T1-weighted imaging is a sensitive technique for 

viewing gliosis in clinical setting, however the cause for astrocyte mediated T1 shorting is 

not well understood. Astrocyte specific T1 shortening has been hypothesized to be due to 

two potential factors: 1) gemistocyte (reactive astrocyte) protein hydration layer shortening 

of T1 relaxation (35) and 2) shortening of T1 relaxation time could result from induced 

manganese superoxide dismutase (Mn-SOD) in mitochondria of the reactive astrocyte (36, 

37).

Recent studies suggest that glial cells, in particular activated astrocytes, can release factors 

that result in motor neuron death (38). Neuronal death and gliosis are also coupled to long-

lasting oxidative stress and the production of free radicals which are known to occur in the 

ALS brain (39, 40). Free radicals can initiate lipid peroxidation and neuronal death, contain 

unpaired outer shell electrons, and are paramagnetic (27), all of which result in T1 

shortening. Other explanations for this T1-shortening effect include lipid-laden 

macrophages, paramagnetic substances, or cortical remyelination (27). Cortical regions 

undergoing myelin repair or remyelination also have associated T1 shortening (30).
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In the ALS cadaver tissue the data demonstrate that longitudinal relaxation rate is increasing 

in the subcortical PMC white matter. The alteration in T1 relaxation rate is histologically 

related to a number of observations seen in the cadaver tissue. An increase in the number of 

GFAP positive astrocytes is observed in PMC subcortical gyral white matter tissue sections, 

although to a lesser degree than the cortical gray matter. The stage of reactive astrogliosis is 

notably higher in boundary and gyral white matter within the PMC compared to gray matter. 

The observed astrocytosis is prominent enough to account for some of the signal 

hypointensity seen in the motor cortex of MRIs of ALS cadaver brains; however, the 

dominant cause of T1 signal alteration is hypothesized to be due to the alterations in the 

oligodendrocyte cellular architecture of the myelin within the white matter.

Axonal density and T1 contrast correlation has been shown in vivo (41) and ex vivo (42) with 

a strong correlation to both myelin content and axonal density. An increase in longitudinal 

T1 relaxation rate (hypointensity) in ALS subcortical white matter has been observed in vivo 

(43). The histological basis of the T1-weighting associated with white matter in the neural 

tissue is multifaceted. In general, the proton sources in axons and myelin are based on a 

model where the three compartments can be expanded to extra-axonal water protons, axonal 

water protons, and intra-myelinic water protons (44). Lipid protons are also present in high 

quantities in healthy myelin as lipids account for approximately 75% of myelin composition 

(25). In general, the main components of the myelin sheath are lamellar sheets of lipids and 

proteins encasing a thin cytoplasmic region with a small boundary of extracellular space. 

The MR signal from water proton sources are limited to extra-axonal protons found between 

axonal/myelin bundles, intra-axonal protons, and protons found in the myelin sheath. This 

results in highly structured water protons with limited mobility and opportunities for 

macromolecular interaction. The high lipid composition and the organized laminar nature of 

healthy myelin dominate and account for its short relaxation time (intense signal) in T1-

weighted MR images.

Microscopic evaluation of subcortical ALS PMC white matter using a standard Luxol fast 

blue stain demonstrates substantial qualitative and quantitative differences compared to 

control tissue. Luxol fast blue MBS can validly be used to quantify myelination through 

densitometric evaluation (45-49) and evaluate myelin water content (46-49) as well as post 

mortem magnetic resonance evaluated abnormalities (50). The increased LFB binding seen 

in the ALS tissue is further explained by the transmission electron microscope data which 

was used to examine the sub-cellular myelin morphology of the ALS brains. Myelin 

lamellae separation and demyelination are observed along with fewer axons in subcortical 

white matter of the primary motor compared to primary visual and prefrontal cortical 

regions. The data suggest that the maintenance of the myelin becomes deficient, resulting in 

myelin pallor and lamellae separation on microscopic sections. The separation of myelin 

layers effectively increases the membrane surface area allowing more Luxol binding. This is 

evident by the increased staining and optical density of the PMC ALS samples compared to 

control tissue and other ALS regions sampled. The densitometry data positively trends with 

the T1 relaxation rate as the increased Luxol binding (densitometry) relates to alterations in 

longitudinal relaxation. Myelin lamella separation results in the loss of water proton 

compartmentalization and shifts the bound and structured proton binding in the vicinity 
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towards a free water state. Data from SOD1 ALS model rats provide more evidence of 

myelin alterations as the these animals demonstrate a progressive decrease of total lipid 

content; those being cholesterol, cerebrosides, and phospolipids (25). The decrease in 

cholesterol can alter membrane fluidity and vascularization while a decrease in myelin 

proteolipid proteins alters membrane adhesion, compaction, and wrapping of axons (25). 

The increase in free water and decrease in lipid composition synergistically act to increase 

the longitudinal relaxation rate.

While the study has outlined a number of possibilities for the cause of the ALS gray and 

white matter T1 relaxation rates, it is of considerable interest that the longitudinal relaxation 

(T1) proved to be more sensitive than the transverse (T2) relaxation in detecting differences 

within the regions selected. The hypothesized explanation for this is multifaceted and relates 

to the composition of white and gray matter brain tissue. Previous study has shown that T1 

variations in cortical gray or white matter are not statistically significant across the normal 

brain (31, 33). In contrast, there are statistical regional differences in T2 found across the 

brain (31, 51). T1 relaxation is known to be more sensitive than T2 in discriminating changes 

in myelination and discerning between white and gray matter predominately due to lipid-

water interactions of myelin (51). This study revealed subtle yet insignificant T2 relaxation 

changes in white and gray matter ROIs with increased variability in the measures. T1 

relaxation is produced predominantly by the spin-lattice interaction at the lipid-water 

interface in white matter, which is seven-fold greater than that caused by the protein-water 

interface (51). For example, T1 relaxation has provided direct measure of neonatal brain 

maturation as white matter myelination is dynamically occurring during the first postnatal 

year (52-55). Maturation changes related to brain myelination were seen earlier on T1- than 

on T2-weighted images. A similar trend to the current ALS data is found where alterations in 

T1 relaxation are found to be more prominent than those of T2 relaxation. Our histology data 

showed marked myelin sheet disruption in these brain areas.

The interpretations above should be considered in the context of potential study limitations. 

First, our results provide pathological insight into T1 relaxation change in ALS by imaging 

of freshly excised ALS cadaver brain tissue and histological analyses of the same brain 

tissue. Ultimately, further validation is needed by in vivo imaging of an ALS cohort with 

follow-up ex vivo imaging and histological analysis at post mortem. Second, availability of 

tissue samples for post-mortem analysis was limited by variations of the length of time 

between clinical onset and death. Further study with a larger cohort of patients both ante-

mortem (longitudinally) and post-mortem will be required to determine if the MRI metrics 

are related to ALS disease progression and the disease severity (ALSFRS). Thirdly, 

although great care was taken to minimize the time between death and tissue harvesting, 

further minimizing this time frame will be coordinated in future studies. Minimizing the 

time between death and ex vivo MRI of fresh tissue increases the reliability of post-mortem 

MRI metrics to in vivo conditions. Fourthly, other MR imaging modalities sensitive to 

detecting white matter abnormalities were not undertaken in the current study. Diffusion and 

magnetization transfer based methods should be considered in future studies. Lastly, freshly 

excised whole control brain samples were not able to be obtained in the current study. The 

difficulties associated with obtaining normal control tissue in a fresh state required the 
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utilization of tissue from the ALS primary visual cortex as an internal control for the MRI 

and histological metrics of the primary motor cortex. Furthermore, the visual cortex has 

been shown through histologic and MR measures to remain unaffected during the disease 

process and comparable to normal age-matched control tissue (56). While the anterior 

prefrontal cortex was also selected as an internal control initially, there is MR spectroscopic 

and morphometric evidence to support the involvement of the frontal lobe region in the 

disease process (57, 58). In addition, as the control tissue samples were obtained in a 

previously formalin fixed state; MR images were not able to be obtained from the control 

tissue to compare to the MR metrics from the fresh non-fixed ALS tissue. Future study with 

the inclusion of freshly excised control tissue is needed to verify and substantiate the 

differences outlined in this study.

The data demonstrated that longitudinal MRI relaxation is sensitive to histological metrics 

of ALS tissue, and that MR images of freshly excised ALS cadaver brains have alterations 

in gray and white matter T1 contrast within the PMC when compared to unaffected brain 

regions. The overall trend is a slight decrease in T1 relaxation rate (hyperintensity) in the 

gray matter and a dominant increase in T1 relaxation rate (hypointensity) in white matter. 

The histology analyses revealed quantifiable differences between ALS affected and 

unaffected tissue. These results provided pathological basis of the MR contrast and 

relaxation changes in the ALS cadaver brains. The gray matter decrease in T1 relaxation is 

hypothesized to be due to causative factors such as the 1) immobilization of water molecules 

due to macromolecular hydration or surface relaxation caused by the released proteins 

through cellular degradation, 2) advanced neural gliosis, and 3) paramagnetic relaxation 

associated with free radical production. The increase in T1 relaxation seen in white matter is 

hypothesized to be due to 1) an increase in water proton motility, 2) decrease in proton 

compartmentalization due to myelin destabilization, 3) and a decrease in total lipid content. 

The T1 alterations in ALS warrants further study as a potential clinically relevant biomarker 

of the disease progression.
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Figure 1. 
Flow-chart outlining the methods utilized in the study.
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Figure 2. 
a) Representative T1-weighted image from a MDEFT 3DT1 scan of an ALS cadaver brain. 

The primary visual cortex (PVC), somatosensory cortex (SSC), primary motor cortex 

(PMC), premotor cortex (preMC), and anterior prefrontal cortex (ApFC) regions of interest 

locations are shown. The decrease in gray matter T1 contrast and gray/white matter 

boundary contrast is visible in the PMC compared to other brain regions. b) Lateral view of 

the three dimensional surface rendering of the same 3DT1 data used to facilitate region of 

interest location for histological dissection. c) Dorsal view of the three dimensional surface 

rendering of the same 3DT1 data highlighting the location of the slice selection in (a). d) The 

square region emphasized in the PVC in 1a is enlarged in 1d and representative selections of 

gray (blue) and white (red) matter region of interests used in parametric relaxometry 

analysis are highlighted.
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Figure 3. 
a) Gray matter to white matter (a) T1 and (b) T2 rate ratios in ALS cadaver brain regions of 

interest for gray and white matter in the anterior prefrontal, premotor, primary motor, 

somatosensory, and primary visual cortices. PMC T1 relaxation ratios for gray : white matter 

are significantly decreased compared to all other regions indicating a decrease in gray matter 

T1 relaxation approaching that of white matter. The average T2 relaxation ratios for gray : 

white matter do not show the same trend as the T1 data, with no significant difference 
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between the PMC and regions sampled. Only significance of regions compared to PMC 

tissue is shown. *, p < 0.05; ** p < 0.01;, *** p < 0.001; **** p < 0.0001.
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Figure 4. 
– a) Histology stains, b) GFAP cell counts, and c) Degree of astrocytosis in ALS and control 

tissue samples. a) Antibody staining for neurons in gray matter (left – neurofilament), 

astrocytes in white matter (right - GFAP) and myelin (right - Luxol Fast blue) for control 

(top) and ALS (bottom) primary motor cortex tissue sections. Images were taken at 50x, 

200x, and ~10x for the neurofilament, GFAP and Luxol stains, respectively, with scale bars 

at 200 μm, 50 μm, and 1mm. Neurofilament staining indicate that there is a decrease in 

neuronal body staining and reduction in protruding axons in ALS tissue. Astrocyte staining 
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shows less proliferation of GFAP positive astrocytes in control tissue compared to ALS 

tissue. Astrocytes found in the ALS PMC show an upregulation of GFAP positive filaments 

indicative of a reactive state. Luxol fast blue staining of myelin is more pronounced in white 

matter of ALS PMC tissue, indicative of oligodendrocyte myelin sheath deterioration. b) 

GFAP cell counts of the ALS primary motor and primary visual cortices. A significant 

increase in GFAP positive astrocytes is found within the gray matter of the ALS PMC 

compared to ALS primary visual cortex internal control tissue as well as white matter and 

white/gray boundary ALS PMC tissue. c) Degree of astrocytosis for GFAP positive 

astrocytes in control and ALS tissue samples in the primary motor cortex. ALS PMC tissue 

exhibited significantly more astrocytosis in white matter and the gray/white matter boundary 

than control tissue. This increase in reactive astrocytosis was not seen in the gray matter of 

the PMC. *, p < 0.05; ** p < 0.01;, *** p < 0.001; **** p < 0.0001.
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Figure 5. 
Luxol fast blue densitometry measurements of ALS and control primary motor cortex white 

matter and across the ALS cadaver tissue regions. The ALS PMC exhibited significantly 

more luxol staining than all regions sampled. For simplicity, only significance is shown for 

the ALS PMC compared to all other regions. *, p < 0.05; ** p < 0.01; *** p < 0.001; **** p 

< 0.0001; ***** P < 0.00001.
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Figure 6. 
Transmission electron microscopy images taken from ALS a) primary motor, (b) anterior 

prefrontal, and (c) primary visual cortices. Images were taken at a magnification of x7700 

for all tissues. The myelin sheaths surrounding axons in the PMC are delaminated and 

unraveled as compared to anterior prefrontal and primary visual cortices axons. Scale bar 

has been calibrated to 1 μm in length.
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