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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder affecting both the 

upper and lower motor neurons. Although ALS typically leads to death within 3 to 5 years after 

initial symptom onset, approximately 10% of patients with ALS live more than 10 years after 

symptom onset. We set out to determine similarities and differences in clinical presentation and 

neuropathology in persons with ALS with long vs. those with standard duration. Participants were 

United States military Veterans with a pathologically confirmed diagnosis of ALS (n = 179), 

dichotomized into standard duration (<10 years) and long-duration (≥10 years). The ALS 

Functional Rating Scale-Revised (ALSFRS-R) was administered at study entry and semi-annually 

thereafter until death. Microglial density was determined in a subset of participants. Long-duration 

ALS occurred in 76 participants (42%) with a mean disease duration of 16.3 years (min/max = 

10.1/42.2). Participants with long-duration ALS were younger at disease onset (P = 0.002), had a 

slower initial ALS symptom progression on the ALSFRS-R (P < 0.001) and took longer to 
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diagnose (P < 0.002) than standard duration ALS. Pathologically, long-duration ALS was 

associated with less frequent TDP-43 pathology (P < 0.001). Upper motor neuron degeneration 

was similar; however, long-duration ALS participants had less severe lower motor neuron 

degeneration at death (P < 0.001). In addition, the density of microglia was decreased in the 

corticospinal tract (P = 0.017) and spinal cord anterior horn (P = 0.009) in long-duration ALS. 

Notably, many neuropathological markers of ALS were similar between the standard and long-

duration groups and there was no difference in the frequency of known ALS genetic mutations. 

These findings suggest that the lower motor neuron system is relatively spared in long-duration 

ALS and that pathological progression is likely slowed by as yet unknown genetic and 

environmental modifiers.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is usually an adult-onset, progressive neurodegenerative 

disorder that affects both the upper and lower motor neurons. Neurodegeneration of motor 

neurons leads to progressive loss of gross motor, fine motor, bulbar and respiratory function 

that eventually leads to death within 3 to 5 years after initial symptom onset (1, 16). 

Epidemiological studies have estimated ALS incidence in the United States (US) to be 

between 1 and 2 cases per 100 000 people (16, 25). Approximately 10% of ALS cases are 

classified as familial ALS, in which the disorder tends to be inherited in an autosomal 

dominant fashion (16, 40), and numerous contributory genes have been identified (1). Other 

risk factors for the development of ALS include age (6), male gender (16) and military 

service (7, 38, 43, 50, 88). Despite differences in etiology, sporadic and familial ALS 

possess similar patterns of neuropathological degeneration (2).

Across cohort studies and clinical experience in ALS, one of the most striking observations 

is the extreme variability in disease duration. Previous studies have noted that 50% of 

patients die within the first 3 years after disease onset, and only a small fraction of cases 

(~10%) survive 10 years or longer (24, 63, 74). Furthermore, large database and population-

based studies have reported the median death in the US and Europe as approximately 3 years 

after disease onset (7, 41, 44, 73). Previous studies have shown most cases of ALS have 

survival rates of less than 10 years and suggest that patients with ALS that survive 10 years 

or more represent a group with altered biology (23, 87). Numerous clinical, genetic and 

neurobiological factors have been examined as moderators of disease duration variability 

including healthcare accessibility, comorbidities, ventilation, genetic mutations, 

neuroinflammation and other neurodegenerative markers in central nervous system tissues 

(7, 13, 22, 31, 66, 71, 74, 75, 78, 83, 84, 89). Specifically, prolonged survival has been 

linked with a younger age at diagnosis, extremity onset of initial symptoms and a longer 

diagnostic latency after symptom onset (74). Additionally, percutaneous endoscopic 

Spencer et al. Page 2

Brain Pathol. Author manuscript; available in PMC 2021 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gastrostomy and multidisciplinary clinical care have also been linked to longer survival with 

ALS (29, 61, 74).

Some neuropathological features have been associated with disease progression in ALS. For 

instance, the presence and extent of TDP-43 pathology have been evaluated in relation to 

survivability (13, 27, 47, 68, 89). Although the decreased severity of TDP-43 pathology has 

been reported for some cases of long-lasting ALS (68), other studies have found non-

significant or even opposite associations (13, 14, 27, 35). In addition, increased 

neuroinflammation with microglial activation within the motor system is a consistent feature 

in ALS (3, 33, 34, 39, 53, 56, 65, 77) and mouse models demonstrate such inflammation 

occurs early before symptom onset, suggesting a role in disease pathogenesis (48, 58, 60, 

76). Microglial pathology was also found to be more extensive in participants with ALS with 

less than two-year survival compared to those with longer survival durations (15). However, 

pathological associations with rarer, long-lived (≥10 years) disease are unknown.

In this study, we examined clinical and neuropathological differences in a cohort of US 

military Veterans with a pathologically confirmed diagnosis of ALS from the Department of 

Veterans Affairs Biorepository Brain Bank (VABBB). The VABBB is a central nervous 

system tissue biobank founded in 2006 in response to previous findings indicating an 

increased prevalence of ALS among US military Veterans (28, 38, 43, 88). The VABBB 

ALS cohort is a unique population whose median survival is nearly double the 4.7 years 

from symptom onset observed in the VA National Registry (12, 72). Thus, this cohort 

provides a unique opportunity to examine clinical and neuropathological factors related to 

unusually long disease duration. We hypothesized long-duration cases would have an initial 

slow progression and an altered and less severe motor neuron neuropathology at death. We 

further tested the hypothesis that marked long-duration ALS was associated with decreased 

microglial density and activation.

METHODS

Participants

Participants were selected from the Department of Veterans’ Affairs (VA) Biorepository 

Brain Bank (VABBB). The VABBB is longitudinal observational study and central nervous 

system tissue biorepository that collects clinical, genetic and neuropathological data from 

United States military Veterans (12). Qualifying cases for this study had a neuropathological 

diagnosis of ALS determined by a trained neuropathologist. This included a total of 179 

participants with ALS, which were then classified as either standard or long-duration based 

on the total number of years between initial symptom onset and death. The standard duration 

was defined as less than 10 years from symptom onset to death (n = 103), and the long-

duration was defined as greater than or equal to 10 years from symptom onset to death (n = 

76). In order to account for the prolongation of disease due to assisted ventilation, 

participants with and without the use of ventilation were examined separately. The methods 

for data acquisition, neuropathological examination, clinical assessment/progression and 

genetic analysis have been described previously (12, 86).
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Data acquisition

Clinical and demographic data were collected via VA electronic medical records, participant 

self-report or report by a participant healthcare proxy. In addition to the VABBB database, 

clinical and demographic data were obtained through the VA National ALS Registry, 

Cooperative Studies Program (CSP) 500A, for any VABBB tissue donors who were 

previously enrolled in the ALS Registry (n = 132). The VA National ALS Registry provided 

longitudinal data including disease progression, trauma history and motor functionality (49).

Clinical analyses

Demographic information included sex, ethnicity and race. Additionally, military 

information including service branch, years of service and deployment history were included 

for analysis. Information pertaining to the history of ALS included age of symptom onset, 

site of symptom onset, age at disease diagnosis, familial history of ALS and family history 

of neurological disease was obtained via the VA National ALS registry or VABBB 

databases. The site of symptom onset was classified as upper or lower extremity, bulbar or 

respiratory. For ventilation status, cases were considered positive for ventilation if they 

received 24-hour invasive or non-invasive respiratory maintenance for a period greater than 

or equal to three months prior to death. ALS symptom/disease progression was obtained 

through semiannual administrations of the ALS Functional Rating Scale-Revised (ALSFRS-

R) administered by trained research staff at the VABBB and CSP500A (20). The ALSFRS-R 

is a well-validated measure used widely throughout different research institutions and 

clinical practices to quantify the degree of motor dysfunction due to ALS (55). 

Administration of the ALSFRS-R by trained non-clinicians has been shown to have good 

inter-rater, intra-rater and telephone-administered reliability (51). The ALSFRS-R provides a 

score across four domains of physical function including gross motor function, fine motor 

function, bulbar function and respiratory function. The maximum score of the ALSFRS-R is 

48, while the maximum score in each domain is 12 (19, 20, 86). For analysis, we used 

ALSFRS-R data as an indicator of initial disease progression. Functional disease 

progression of ALS as measured by the ALSFRS-R has been denoted by past research as a 

ΔFS score defined as [Total score of first ALSFRS-R − 48]/months from onset to first 

ALSFRS-R assessment.(57). Additionally, we compared ALSFRS-R domain scores between 

the two groups at the first visit and last visit before death in order to test for differences in 

function between the short and long-duration groups.

Neuropathological analysis

Brain and spinal cord tissues were processed and assessed as described previously (12). 

Briefly, a diagnosis of ALS required degeneration of both upper and lower motor neurons, 

degeneration of the lateral corticospinal tracts and anterior horn cell loss from all levels of 

the spinal cord (17, 37). TDP-43 stage was determined using the criteria of Brettschneider et 
al (14) as well as Nishihira Type 1 or Type 2 (69). Motor cortex, anterior horn of the spinal 

cord, medulla, inferior frontal gyrus and hippocampus were accessed for the presence of 

phosphorylated TDP-43, including neuronal and glial cytoplasmic inclusions and threads. 

Neuropathological changes in Alzheimer’s disease were determined by the NIA-Alzheimer 

Association’s guidelines (64). Thal phase for amyloid-β presence (80), Braak staging of 
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neurofibrillary tangles (10, 11), CERAD neuritic plaque density (62) and Lewy body disease 

type were determined as per NIA guidelines (64). Frontotemporal lobar degeneration 

diagnosis was determined by atrophy of the frontal and temporal lobes and the presence of 

phosphorylated tau or phosphorylated TDP-43 inclusions (8, 18, 59). The overall level of 

degeneration was evaluated on Luxol fast blue-hematoxylin and eosin-stained sections and 

defined by the degree of myelin loss and gliosis in the corticospinal tract and the ventral 

spinal roots and the degree of neuronal loss and gliosis in the motor cortex, spinal anterior 

horns and hypoglossal nuclei. Ratings of degeneration were made by the neuropathologists 

using a 0–3 scale, with 0 = none and 3 = severe as previously described (4).

Genetic analyses

A total of 158 of the analyzed 179 (88%) participants were genotyped for known ALS 

mutations. Genotyping was conducted at the National Institute on Aging in Bethesda, 

Maryland. Samples were genotyped using the OmniExpress chip and NeuroChip. 

OmniExpress tests for 730 525 single nucleotide polymorphisms. NeuroChip provides 

genotyping on 179 467 genetic mutations associated with different neurological diseases (9). 

Targeted next-generation sequencing (NGS) and repeat-primed polymerase chain reaction 

were used for C9orf72 hexanucleotide repeat expansion analysis. We obtained data for the 

following genes associated with ALS: optineurin (OPTN), senataxin (SETX), dynactin 

subunit 1 (DCTN1), NIMA-related kinase 1 (NEK1), superoxide dismutase 1 (SOD1), TAR 

DNA binding protein (TARDBP), profilin 1 (PFN1) and chromosome 9 open reading frame 

72 (C9orf72). Additional data for kinesin family member 5A (KIF5A) mutations were 

obtained for 87 participants.

Immunohistochemistry and digital slide scanning

The inflammatory markers ionized calcium-binding adapter molecule 1 (Iba1) and cluster of 

differentiation 68 (CD68) were used to determine potential differences in 

neuroinflammatory profile between standard duration and long-duration ALS cases. Tissue 

was fixed in periodate-lysine-paraformaldehyde and tissue blocks were paraffin-embedded 

and cut at 10 μm (diagnostic histochemistry) or 20 μm (for microglia cell density 

quantification). Antigen retrieval was performed by boiling sections in citrate buffer (pH 

6.0) for 10 minutes. Sections were incubated at 4°C overnight with antibodies to anti-Iba1 

(Wako, 1:500), anti-PHF-tau (AT8) (Pierce Endogen, 1:2000) and anti-CD68 (Vector, 

1:500). For TDP-43 immunohistochemistry, anti-TDP-43, phospho Ser409/410 mAb (clone 

11–9) (Cosmo Bio USA, 1:2000), was used following treatment with formic acid (88%) for 

2 minutes. Sections were treated with biotinylated secondary antibodies then labeled with a 

3-amino-9-ethylcarbazol HRP substrate kit (Vector Laboratories). Sections were counter-

stained with Gill’s Hematoxlin (Vector Laboratories H-3401) and coverslipped with 

Permount mounting medium.

For microglial cell quantification, cervical spinal cord and medulla from a randomly selected 

subset of participants from long (n = 20) and standard duration (n = 15) cases were 

immunostained using markers for total and activated microglia and cellular densities were 

quantitated. Additional sub-analyses did not demonstrate any significant differences in 

measurements of clinical or neuropathological features (eg, duration, TDP-43 pathology, 
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upper and lower motor neuron loss) of the long and standard duration subgroups when 

compared to their complete respective cohort. Tissue blocks from the cervical spinal cord 

and medulla were embedded in paraffin, cut at 20 μm, immunostained for Iba1 and CD68, 

and scanned at 20x magnification with a Leica Aperio Scanscope (Leica Biosystems, 

Richmond, IL) as previously described (21). ImageScope (Leica Biosystems) was used to 

separately highlight the anterior horn, pyramids at the level of the inferior olives and 

hypoglossal nuclei. Leica’s image analysis and automated counting software (Aperio 

positive pixel count, Version 9) was calibrated for staining intensity to detect Iba1 or CD68-

positive cells within the region of interest. The cellular number was normalized to the area 

measured and presented as positive cells per mm2. To address errors in slide analysis due to 

artifacts, data points outside two- and one-half standard deviations from group means were 

omitted from the analysis. One tissue block was available for each region analyzed. At least 

one section was analyzed per block based on availability. On average, 1.76 sections were 

analyzed per case. In addition, the total number of motor neurons in the anterior horn of the 

cervical spinal cord was counted. Two trained researchers performed independent manual 

motor neuron counts for standard duration cases (n = 14) and long-duration cases (n = 20). 

The researchers were blind to both the neuropathologist ranking and the duration group of 

each tissue sample. The researcher counts were averaged and divided by the total area of the 

anterior horn.

Gene expression

Glial fibrillary acidic protein (GFAP) gene expression was used to further examine 

differences in neuroinflammatory profile between long and standard ALS durations. RNA 

was isolated from the cervical spinal-cord using a modified TRIzol protocol with a QIAGEN 

RNeasy mini column clean-up. One microgram of RNA was used to create cDNA using 

high-capacity cDNA reverse transcription kit (Applied Biosystem, Waltham, MA) and 

PTC-200 DNAEngine cycler (BioRad, Hercules, CA). cDNA was used to select endogenous 

controls using TaqMan universal buffer mix and an endogenous control TaqMan low-density 

array. Ct-values were obtained using Applied Biosystem SDS software and reference-gene 

stability and optimal number of reference genes were determined with geNorm (Biogazelle 

qBase + software). Probes for GFAP (BioRad, qHsaCID0022307) were used, and qPCR was 

performed using SsoAdvanced universal SYBR green supermix (BioRad) and QuantStudio 

7 Flex Real-Time PCR system (Applied Biosystem). Thresholds were normalized across 

plates, triplicate Ct-values were assessed, outliers removed, samples were normalized on 

endogenous controls PGK1 & PPIA, and ΔCt-values were calculated with PrimePCR 

analysis software (BioRad).

Statistical analysis

All statistical analyses were completed using IBM SPSS Statistics for Windows, version 26 

(IBM Corp., Armonk, NY). A Shapiro–Wilk test was performed for all scalar data to 

determine normality. An independent sample T-test was performed for normally distributed 

scalar data. Equality of variances was determined using Levene’s Test. Non-parametric 

independent samples Mann-Whitney U tests were performed between groups for all 

categorically ranked data and scalar data measurements with non-normal distributions. 

Pearson chi-squared tests of variance with Bonferroni corrections were conducted for 

Spencer et al. Page 6

Brain Pathol. Author manuscript; available in PMC 2021 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple group comparisons on categorical data counts. Fisher exact tests of variance were 

applied when the expected sample size was less than five. An alpha level of 0.05 was used 

for all statistical tests.

RESULTS

Cohort overview

A total of 179 participants with ALS that came to autopsy at the Department of Veterans 

Affairs Biorepository Brain Bank were included in the study. The group was largely male 

(98%) and Caucasian (97%). Participants were dichotomized into a standard duration group 

with survival time less than 10 years (n = 103) and a long-duration group with survival time 

greater than or equal to 10 years (n = 76). The proportion of participants with long-duration 

ALS in this cohort of Veterans was therefore 42%, which is substantially higher than the 

approximately 10% reported in other ALS cohorts (24, 63, 74). Of the 76 participants with 

long-duration ALS, 44 had a duration between 10 and 15 years, 15 had a duration between 

15 and 20 years, 12 had a duration between 20 and 30 years, and 5 had a duration greater 

than 30 years. The five longest duration cases in our cohort reached survival times of 31, 34, 

34, 36 and 42 years respectively. Each of the 30 year or greater duration cases were limb 

onset; none had a familial history of ALS, and no known mutations were found during 

genetic analysis.

Comparison of duration groups

There were clear clinical distinctions between standard and long-duration groups (Table 1). 

The long-duration group on average had a younger age of onset (P = 0.002), slower initial 

disease progression (P < 0.001) and older age at death (P < 0.001) compared with the 

standard duration group. There was a substantially longer period between symptom onset 

and diagnosis in long-duration compared to standard duration ALS (2.7 vs. 1.2 years, P = 

0.002). Additionally, there was a trend toward an altered site of onset between groups such 

that there was increased frequency of bulbar onset in standard duration ALS (P = 0.071). 

Finally, there was a trend (P = 0.054) for an increased frequency of traumatic brain injury in 

long-duration participants.

In cases with available genetic testing, the frequency of common ALS-associated mutations 

was not significantly different between groups. Of the 158 genotyped participants, 16 were 

positive for genetic mutations (10%). Among the standard duration cohort, there were 10 

donors with known mutations out of the 90 genotyped cases (11%), involving C9orf72 

mutations (n = 3), TARDBP (n = 2), and FUS, KIF5A, OPTN, SETX, NEK1 and SOD1 (n = 

1 each). One donor screened positive for two mutations (OPTN and SETX). As for the long-

duration cohort, six participants were positive for genetic mutations (9%) involving C9orf72, 

DCTN1, NEK1, PFN1, SETX and TARDBP (n = 1 each). Of interest, only one case in the 

VABBB cohort was found to have a KIF5A mutation, belonging in the standard duration 

group with a disease duration of 1.4 years.

Furthermore, no significant differences between the duration groups were found for race, 

ethnicity, sex or familial history of neurological disease and ALS. In addition, the length of 
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time with continuous invasive or non-invasive ventilation did not significantly differ between 

groups (Table 1). When considering military demographics, there were no significant 

differences between duration groups for the number of years, branch, or era of military 

service or for participant deployment overseas (Table 2). Tissue quality measures were 

similar between standard and long-duration groups, including post-mortem interval, as 

measured by time of death to the removal of the brain and spinal cord (3.9 vs. 3.4 h, P = 

0.382), tissue pH (6.3 vs. 6.3, P = 0.967) and RNA integrity number (3.7 vs. 5.9, P = 0.459).

The total ALSFRS-R score at initial assessment was not significantly different between 

groups. Additionally, we found no significant differences in the initial assessment of 

ALSFRS-R domain scores during the initial assessment. Both participants with standard and 

long-duration ALS were severely functionally impaired near death with similar ALSFRS-R 

domain scores when last assessed before death (Table 3).

For comparisons of neuropathological features, we conducted separate analyses based on 24-

hour ventilation status prior to death to adjust for potential discrepancies caused by artificial 

respiratory support. Comparisons of the neuropathological findings between groups without 

mechanical ventilation revealed several similarities and differences. Participants with long-

duration ALS had the classical pathological findings of motor neuron loss in both the motor 

cortex and whole spinal cord and had similar severe involvement of the upper motor neuron 

system, including degeneration of the motor cortex and lateral corticospinal tracts. However, 

global semi-quantitative severity scores of spinal motor neuron degeneration were lower in 

long-duration compared to standard duration ALS (Table 4, P < 0.001), suggesting less 

severe involvement of the spinal cord despite the long disease duration. Additional analyses 

of degeneration of the anterior horns, lateral corticospinal tracts and ventral roots for 

cervical, thoracic and lumbar spinal cord showed that all regions were similarly affected. 

Degeneration of lateral corticospinal tracts between standard and long-duration groups 

trended toward significance (P = 0.060) for all regions of the spinal cord, while ventral root 

degeneration was significantly different between groups for all spinal cord levels (P’s < 

0.05). Degeneration of the anterior horns was significant in the cervical and lumbar spinal 

cord (P’s < 0.05) and approached significance in the thoracic spinal cord (P = 0.060). A 

subset of standard and long-duration ALS participants were selected for motor neuron 

quantification within the anterior horn of the cervical spinal cord and showed an increased 

density of motor neurons in the long-duration group (13.7 motor neurons per mm2) 

compared to the standard duration group (11.1 motor neurons per mm2) although the 

difference was not significant (P = 0.151) likely due to decreased power in this subset.

In addition, the frequency of TDP-43 pathology was reduced in long-duration ALS (P < 

0.001). For those with TDP-43 pathology, the severity of TDP-43 inclusions as assessed by 

either Brettschneider staging (14) or Nishihira types (69) were not significantly different 

between duration groups. No significant differences were noted for brain weight or 

comorbid neurodegenerative disease, including neuropathological changes in Alzheimer’s 

disease, Lewy body disease, or neurovascular disease. Additionally, participants with long-

duration ALS who had received mechanical ventilation had more TDP-43 pathology along 

with more severe lower motor neuron degeneration analogous to that of standard duration 

ALS, suggesting that ventilation may have prolonged what would have otherwise been 
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standard duration ALS (Table 4). Pastula et al (72) suggest defining survival time from 

diagnosis to date of death or first significant ventilation (ie, more than 15 h of ventilatory 

support per day for at least two weeks). A secondary analysis of the above neuropathological 

and clinical variables using the Pastula et al criteria for survival time showed similar 

findings, including significant differences in anterior horn cell degeneration, presence of 

TDP-43, ventral root degeneration and degeneration of the lateral corticospinal tracts.

Altered microglia in long-duration ALS

Increased and activated microglia are a hallmark of ALS pathology and are likely 

contributors to motor neuron degeneration. To test the hypothesis that long-duration ALS is 

associated with decreased microglial density, we quantitated the density of immunoreactive 

cells for total Iba1 and activated CD68 in a subset of participants with standard and long-

duration ALS. Iba1 protein is expressed in monocytic cell lineages including all types of 

microglia (45), while CD68 is a lysosomal protein expressed in activated microglia and 

macrophages (42). GFAP is present within astrocytes and elevated in reactive cells (32). 

There were no significant differences in clinical or neuropathological data between the 

overall cohort groups and the subset examined for additional cell density analysis. 

Consistent with our hypothesis, we found significantly lower Iba1 positive cellular density in 

the anterior horns (P = 0.008) and medullar pyramids (P = 0.012) in long-duration ALS 

cases (Table 5 and Figure 1). In order to adjust for the effects of age, an age-corrected linear 

regression found a similar negative association between Iba1 positive cellular density and 

ALS duration in the pooled group of participants with both standard and long-duration ALS 

(P = 0.003).

We also noted differences in microglial morphology between groups such that standard 

duration ALS tended to contain microglia with a reactive phenotype with a larger, ameboid 

shape, while microglia in long-duration ALS possessed the resting phenotype of a small cell 

body with ramified processes (Figure 1A–F). Although total numbers of CD68-positive cells 

were not significantly different between groups (Table 5), we observed frequent clusters of 

CD68-positive macrophages within the anterior horn in standard, but not long, duration ALS 

cases (Figure 1G–H). There was no significant difference in spinal cord GFAP gene 

expression between duration groups (standard: ΔCt = 1.25 ± 0.20, long: ΔCt = 1.78 ± 0.28, P 
= 0.198). These results demonstrate that while total microglia density is lower in long-

duration ALS, GFAP levels are relatively unchanged, suggesting similar levels of 

astrocytosis between duration groups.

DISCUSSION

In the largest group of neuropathologically confirmed long-duration ALS (≥10 years) 

reported to date, we found numerous clinical and neuropathological distinctions with 

standard duration ALS. In long-duration ALS the disease course was slow from the 

beginning and showed steady progression. Although both long and standard duration ALS 

had classic upper and lower motor neuron degeneration, participants with long-duration ALS 

had less severe lower motor neuron degeneration as well as decreased frequency of TDP-43 

positive inclusions in the central nervous system. Further, the total density of microglia was 
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decreased within the spinal cord of long-duration ALS. Altogether these findings suggest 

that ALS disease duration is associated with an altered pattern of neurodegeneration and 

neuroinflammation.

The VABBB cohort has an unusually high number of participants with long-duration ALS, 

with 76 of the 179 (42%) reviewed cases having disease durations lasting longer than ten 

years. The markedly increased frequency of long-duration ALS in this cohort may be due to 

a variety of factors. The majority of participants were enrolled from the VA National 

Registry and therefore represent prevalent rather than incident cases which likely presented a 

selection bias for longer duration cases. Previous work suggests an altered incidence of ALS 

among United States military Veterans compared to that of the civilian population (7, 38, 43, 

50, 88). Additionally, implementation of detailed health screening at the Military Entrance 

Processing Station (MEPS) and the physical demands of basic training could also render 

those with some ALS variants ineligible for service. We found no difference among the 

length of service, military branch, war of service, and deployment status between standard 

and long-duration ALS. However, other factors of military service may be associated with 

slow progression of ALS.

A potential factor contributing to the longevity of this United States Military Veteran 

population is the availability of ALS multidisciplinary clinics. Enrollment of patients with 

ALS in multidisciplinary clinics or tertiary centers has been demonstrated to improve 

survivability when compared to ALS patients receiving care at general neurology clinics (22, 

81). In our long-duration group, 68 Veterans were enrolled in the VA (89%), while 90 

Veterans (87%) in the standard duration group received VA care. Since 2008, the VA has 

treated ALS as a 100% service-connected illness (28). The benefits for those with service-

connected illnesses bears healthcare policy considerations related to the accessibility and 

availability of resources. For example, any Veteran with ALS is eligible to receive VA 

healthcare, home assistance, home modification and medications at no out of pocket cost. 

This reduced financial and resource burden available to Veterans may also be contributing to 

the increased survival. However, in the present study no differences in utilization of VA care 

between duration groups were observed.

The frequency of TDP-43 pathology was altered such that there was less frequent TDP-43 

pathology in the long-duration group. Many of these participants also lacked known ALS-

associated genetic mutations and it is unclear whether the lack of TDP-43 pathology is due 

to immunohistochemical detection limits, unknown genetic variants, or other mechanisms. 

In those with TDP-43 pathology, the TDP-43 stage as proposed by Brettschneider (14) and 

type proposed by Nishihira (69) were not significantly reduced in the long-duration group. 

This is inconsistent with some previous reports demonstrating decreased TDP-43 pathology 

in long-lasting ALS (68); however, other reports have shown either no or an opposite 

association with TDP-43 stage and severity (13, 14, 35). The discrepancy between this study 

and others may be due to the smaller number of participants and the lack of adjustment for 

mechanical ventilation in previous studies.

In fact, the frequency and length of usage of ventilation may influence comparisons between 

duration groups. It has been suggested that ALS duration should be measured as onset of 
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symptoms until date of 24-hour mechanical ventilation due to extension of disease duration 

by artificial respiratory support with no change in disease severity (72). In this study, the 

frequency of ventilation was not significantly different between standard and long-duration 

ALS groups. Even when analyzing only cases without ventilation, we noted a preservation 

of the relatively less severe spinal motor neuron degeneration observed in the long-duration 

cases. Moreover, ventilated long-duration participants still had less frequent TDP-43 

pathology than standard duration ALS although the difference lost significance and was not 

as great as within non-ventilated subjects. This is likely due to the inclusion of what would 

otherwise have been standard duration ALS had they not been ventilated.

Relatively few studies have examined the differences in degeneration across varying ALS 

durations. One study discussed the degeneration of upper motor neurons manifesting in a 

milder manner for cases of longer duration (46). Specifically, mild degeneration of Betz cells 

within the motor cortex, mild myelin pallor in the corticospinal tracts, but severe 

degeneration within the anterior horns was noted in three cases of long-duration. Other 

studies have identified a slight increase in long-term survival rate in cases in which 

involvement is predominantly in the upper or lower motor neurons (36, 54, 79). We found 

significantly decreased levels of lower motor neuron degeneration, but similar levels of 

upper motor neuron degeneration in long compared to standard duration ALS. These 

findings are consistent with the long survival times described in primary lateral sclerosis 

(36) and might suggest a relative resistance of lower motor neurons to degeneration in long-

duration ALS.

Microgliosis within the regions of neurodegeneration is a consistent feature of ALS (3, 33, 

34, 39, 53, 56, 65, 77). Various microglial phenotypes have been described. Iba1 is widely 

used as an immunoreactive marker for all microglia, although it may also have additional 

reactivity to some types of activated microglia (85). In comparison, CD68 labels activated 

microglia and macrophages with increased lysosomes (30). Increased CD68 reactivity may 

also be indicative of less efficient phagocytosis and a detrimental inflammatory state (91). 

Murine disease models demonstrate increased activated microglia prior to motor neuron 

degeneration and motor symptoms (48, 58, 60), suggesting thar microglia are involved in 

disease pathogenesis. Furthermore, imaging studies suggest that activation and recruitment 

of microglia begins early in ALS and persists throughout the disease course (5, 26, 82). 

Increased total and activated microglia have been shown in the motor cortex and spinal cord 

of rapidly progressive ALS (<2 years) (15, 90), but microgliosis in long-duration cases has 

not been quantitated. We found that the total density of microglia cells was decreased within 

the anterior horn in long-duration ALS. Density measurements of CD68-positive cells were 

also decreased in the anterior horn in long-duration ALS, but the difference was not 

significant perhaps due to decreased power in the subset of immunostained cases. 

Furthermore, the microglial morphology was suggestive of a less activated, resting 

phenotype in long-duration ALS. This decreased microglial density and altered morphology 

correlated with the decreased level of neurodegeneration in the spinal cord. Overall, these 

data suggest an altered neuroinflammatory phenotype in long-duration ALS that may play a 

role in the slow disease progression.
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Moreover, the hypoglossal nuclei were relatively preserved in both standard and long-

duration ALS participants. There was also a decreased density of CD68-positive cells in this 

region when compared to the pyramids and spinal anterior horns. We suspect that this 

decrease in activated microglia/macrophages is related to the relative preservation of bulbar 

functionality in both long and standard duration cases. At death, both long and standard 

duration ALS cases had higher scores of bulbar function on the ALSFRS when compared to 

fine motor and gross motor functions (Table 3). This functional preservation may be 

explained in part by the reduced neuroinflammatory state observed in both duration groups.

As demonstrated in our analysis of ALSFRS-R assessments, participants with long and 

standard duration ALS had similar functional abilities in the terminal stage of their diseases. 

This suggests that patients with ALS have a similar end stage phenotype regardless of 

overall disease progression and neurodegenerative profile when using the ALSFRS-R as a 

guided scale of disability (52, 55). We did not note any differences in initial overall 

ALSFRS-R assessment score between duration groups. This was likely due to standard cases 

having an initial assessment closer to first symptom onset of ALS. The differences in time 

from symptom onset to initial ALSFRS-R assessments among cases with an available 

ALSFRS-R score limit the significance of this finding. Further analysis is needed to 

determine the relationship between ALS progression and the predictive capabilities of the 

ALSFRS-R at initial assessment.

It is likely that multiple factors converge to mediate disease progression in ALS. For 

instance, KIF5A is a recently discovered, but rare genetic mutation associated with long-

duration ALS (67). In the present study, one case had a KIF5A mutation, but this was a 

standard duration case with a disease duration of 1.4 years. Additional unknown genetic as 

well as environmental moderating factors such as social support and the resilience of 

neuronal reserve may be involved in decelerating the pathological progression of ALS 

resulting in extended survival (22, 31, 71, 84). Future studies focused on genetic variation, 

gene expression and clinical care and support will be necessary to uncover mechanisms of 

disease progression in ALS.

LIMITATIONS

The VABBB cohort may be subject to referral bias as participants were informed of the 

study in VA neurology clinics, online and through word of mouth beginning in 2011 (12, 

86). Enrollment into the VABBB is voluntary and therefore may not reflect the overall 

population of Veterans with ALS. We also recognize that support (eg, the initiation and 

duration of ventilation support) available to Veterans with ALS varies by region, healthcare 

accessibility and personal choice, thus affecting potential treatment outcomes. As noted 

previously, the majority of participants were enrolled from the VA National Registry and 

therefore represent prevalent rather than incident cases thus selecting for longer duration 

cases. Regardless, this presents an advantage to examine correlates of very long-duration 

ALS in a relatively large cohort. Although previous studies have shown that semi-

quantitative assessments of white matter degeneration are related to clinical outcomes (4), 

future studies utilizing densitometry may also be helpful in evaluating white matter 

degeneration. The VA ALS Biorepository does not accept donations from civilians currently, 
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limiting the generalizability of the VABBB population to the general ALS population. For 

example, the physical demands of the military may screen out more rapidly progressive 

variants that exist in the civilian population. Future collaborative studies would be able to 

address this issue. Although no statistically significant differences in overall military profile 

were found, it is possible we did not capture other factors characteristic of military service 

that have been shown to increase ALS incidence. These factors include but are not limited to 

chemical exposures, head trauma and environmental exposures (7, 12). Previous studies have 

also reported a positive correlation between body mass index and ALS survivability (70), 

and these data were not available in the current study. Last, we acknowledge that the 

distinction between long and short-term survival in ALS is not biologically based and 

instead reflects current disease survival guidelines which may change over time.

CONCLUSIONS

In the largest reported collection of ALS cases with disease durations lasting longer than 10 

years, we demonstrated pathological differences related to disease duration. Veterans with 

long-duration ALS had an earlier age of symptom onset, slower initial disease progression 

and took longer to diagnose compared to Veterans with standard duration ALS. Long-

duration ALS was associated with decreased lower motor neuron degeneration, less frequent 

TDP-43 pathology and decreased microglial density within the motor system. Overall, an 

altered neuroinflammatory phenotype in long-duration ALS may play a role in the slow 

disease progression. Elucidation of genetic and environmental modifiers of ALS disease 

duration may facilitate the discovery of targets to extend survival.
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Figure 1. Decreased microglial cell density and resting-type morphology within the spinal cord in 
long-duration ALS.
(A) and (B) Luxol fast blue/hematoxylin and eosin staining demonstrates severe 

degeneration and loss of motor neurons in both standard (A) and long (B) duration ALS. 

(C–F) Immunostaining for Iba-1 shows increased numbers of Iba-1-positive microglia in 

standard (C) compared to long (D) duration ALS. The morphology of the microglia is 

altered toward a reactive phenotype with a larger, ameboid shape in standard duration ALS 

(E, arrows) compared to the resting phenotype of a small cell body with ramified processes 

in long-duration ALS (F, arrowheads). (G and H) Foci of CD68-positive macrophages are 

more frequent in standard (G, asterisk) than in long-duration ALS (H). Scale bar in A–D, 

100 μm; E-H, 50 μm.
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Table 1.

Demographic and clinical features of participants with standard and long-duration ALS.

Standard (n = 103) Long (n = 76) P-value

Male/Female, ± (%) 98/3 (98%) 72/4 (95%)
0.465

‡

Race
0.494

‡

 White, n (%) 98 (98%) 73 (96%)

 Black or African American, n (%) 2 (2%) 2 (3%)

 American Indian, n (%) 0 (0%) 1 (1%)

Hispanic or Latino, ± (%) 1/98 (1%) 1/75 (1%)
1.000

‡

Disease Duration, mean ± SEM 5.29 ± 0.27 16.32 ± 0.82
<0.001

†

Age at Onset, mean ± SEM 61.65 ± 1.02 55.87 ± 1.51
0.002

†

Age at diagnosis, mean ± SEM 63.33 ± 1.03 58.54 ± 1.56
0.073

†

Symptom Onset to Diagnosis, mean ± SEM 1.24 ± 0.12 2.67 ± 0.31
0.002

†

Age at Death, mean ± SEM 67.28 ± 0.94 72.19 ± 1.42
<0.001

†

Site of Onset
0.071

‡

 Lower extremity, n (%) 42 (42%) 42 (58%)

 Upper extremity, n (%) 32 (32%) 23 (32%)

 Bulbar, n (%) 24* (24%) 7* (10%)

 Respiratory, n (%) 1 (1%) 1 (1%)

A Care, ± (%) 90/13 (87%) 68/8 (89%) 0.815

Continuous ventilation, ± (%) 29/64 (31%) 19/53 (40%)
0.605

‡

Continuous ventilation, yrs, mean ± SEM 0.72 ± 0.15 1.77 ± 0.46
0.954

‡

ΔFS, mean ± SEM −0.64 ± 0.06 −0.29 ± 0.03
<0.001

†

Familial Neurologic Disease, ± (%) 16/32 (33%) 15/23 (40%) 0.619*

Familial ALS, ± (%) 4/81 (5%) 8/60 (12%)
0.135

‡

Genetic Mutations ±
10/90 (10%)

§
6/66 (8%)

¶
0.710

‡

C9orf72 ± (%) 3/97 (3%) 1/71 (1%)
0.641

‡

Historyof TBI, ± (%) 12/91 (13%) 17/59 (29%)
0.054

‡

*
P < 0.05 following Bonferroni correction.

†
Mann-Whitney U Test.

‡χ2 test of variance.

§
Known mutations included C9orf72, TARDBP, SETX, KIF5A, OPTN, SOD1, FUS.

¶
Known mutations included C9orf72, TARDBP, SETX, PFN1, NEK1, DCTN1.

Bold values indicate significance of P < 0.05
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Table 2.

History of military service in standard and long-duration ALS groups.

Standard Long P-value

Years in Military, mean ± SEM 6.49 ± 0.75 5.96 ± 0.77 0.971
†

Military Branch, n (%) 0.808
‡

 Army 47 (48%) 37 (48%)

 Navy 21 (21%) 19 (25%)

 Air Force 23 (23%) 14 (19%)

 Marines 5 (5%) 3 (4%)

 Coast Guard 1 (1%) 0 (0%)

 Merchant Marines 0 (0%) 1 (1%)

 Multiple Branches 2 (2%) 2 (3%)

Military Era, n (%) 0.676
‡

 WWII 5 (5%) 7 (9%)

 Korean 5 (5%) 6 (8%)

 Post-Korean 1 (1%) 0 (0%)

 Vietnam 63 (64%) 42 (55%)

 Post-Vietnam 7 (7%) 7 (9%)

 Gulf War 8 (8%) 4 (5%)

 Multiple Eras 10 (10%) 10 (13%)

Deployed Overseas, ± (%) 67/13 (84%) 61/14 (81%) 0.692
‡

†
Mann-Whitney U test.

‡χ2 test of variance.
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