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Abstract

Objective: This research aims to examine the impact of the National Amy-

otrophic Lateral Sclerosis (ALS) Registry-funded research activities. Methods:

Registry-funded research and related publications were identified through the

National ALS Registry website, the National Institutes of Health (NIH) Repor-

ter website, and verified by Principal Investigators. Key study characteristics

(e.g., study population, sample size) and key impact features (e.g., risk factors)

were abstracted and recorded on study abstraction forms. Descriptive statistics

were used to analyze the volume, productivity, and findings of the Registry-

funded research. Results: Since 2012, the National ALS Registry funded 21

research projects. Of these, 14 were through extramural research grants and

included in the analysis. These studies are often related to environmental, medi-

cal conditions, and genetic risk factors. On average, the funded grants produced

1 to 2 publications which were cited 114 times by other researchers. The rela-

tive citation ratio averaged 1.81 with a weighted relative citation ratio of 16.28.

These studies supported the identification and confirmation of candidate risk

factors. Environmental and occupational risk factors typically related to heavy

metal exposure (e.g., lead, mercury) and agricultural chemicals (e.g., pesticides,

herbicides), and the occupations associated with exposure to these substances

were most frequently explored. Interpretation: The National ALS Registry is a

multifaceted research platform, one component of which is funded research.

This Registry-funded research fills an essential gap in the overall ALS scientific

community as it is difficult to prevent and treat a disease without a deeper

understanding of its causes.

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal

neurodegenerative disease of motor neurons. In 2017, up

to 32,000 individuals (9.9 per 100,000 population) were

estimated to be living with ALS in the United States

(U.S.),1 and the age-adjusted standardized incidence rate

was 1.6 per 100,000 population.2 Most persons with ALS

(PALS) receive a diagnosis 10–16 months after symptom

onset3 and survive 2–5 years after receiving the ALS diag-

nosis.4,5 ALS is among a list of neurological and psychi-

atric disorders attributed to the environment that

presents a significant health burden to the U.S. popula-

tion.6

The mission of the federal Agency for Toxic Substances

and Disease Registry (ATSDR), a part of the Centers for

Disease Control and Prevention (CDC), includes the

establishment of disease registries associated with expo-

sures to toxic substances. In 2008, the U.S. Congress

passed the ALS Registry Act,7 which authorized the cre-

ation and maintenance of the National ALS Registry by

ATSDR. The main goals of this multifaceted research

platform are to better describe the epidemiological trends

of ALS in the U.S., to identify and examine risks and
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potential etiologies (environmental and occupational fac-

tors), and to determine the disease’s public health bur-

den.

The registry includes data from existing national data-

bases such as Medicare, Medicaid, the Veterans Health

Administration (VHA), and the Veterans Benefits Admin-

istration (VBA) and information from PALS who sign up

through an online web portal to participate (www.cdc.

gov/als). Through registration, PALS gains access to par-

ticipate in this multifaceted research platform. For exam-

ple, individuals may opt to receive emails about clinical

trials and epidemiological studies, donate specimens at no

cost to them to the affiliated National ALS Biorepository

(Biorepository), complete risk factor surveys, and access

informational resources.

Once an individual completes the online Registry

enrollment, they are eligible to voluntarily complete 18

surveys related to possible risk factors of ALS (e.g., envi-

ronmental exposure, job history, physical activity, pesti-

cide use, head and neck injuries). Researchers can access

these data to support their research hypotheses and stud-

ies. In 2019, for example, Raymond et al.8 used the clini-

cal survey module to characterize ALS clinical features in

a large cohort population. This study examined such

areas as the site of onset, the time between symptom

onset and ALS diagnosis, intervention use, and end-of-life

care. The findings from this publication were used in sup-

port of 14 additional papers exploring topics from treat-

ment effectiveness, ALS epidemiology, and etiology.

The Registry maintains an online research notification

mechanism (RNM), where PALS can elect to be notified

of new research opportunities such as clinical trials and

epidemiological studies. Researchers wishing to use the

RNM complete a standardized application, including

proof of Institutional Review Board approval and study

eligibility. Once approved, researchers’ study materials

and contact information will be emailed to PALS meeting

study eligibility criteria. This function of the Registry con-

nects PALS to ongoing research and assists researchers in

recruitment efforts. Personal information about PALS,

such as names or emails, is not disclosed to the research-

ers. Between 2013 and 2019, 46 institutions used the

RNM, sending 638,760 emails to consented patients,

resulting in thousands of Registry patients joining clinical

trials and epidemiological studies.9 Mehta et al. further

describe the impact of the RNM and its role in facilitating

successful ALS research.9

Once enrolled in the registry, PALS can also participate

in the Biorepository. The Biorepository consists of

biospecimen collections of blood, hair, urine, and

fingernail-clipping samples collected from PALS in their

homes. PALS may also volunteer to participate in a post-

mortem donation of the brain, spinal cord, cerebral spinal

fluid, and other biospecimens. Biospecimens are collected

and stored for future research use. The Registry expanded

the availability of postmortem samples through a collabo-

ration with the Johns Hopkins University ALS Post-

mortem Tissue Core in 2021. As of April 2020, details on

biospecimen availability are shared in Bledsoe’s analysis of

the biospecimen demand and utilization of registry sam-

ples.10 Since samples became available in 2017, more than

25 researchers inquired about sample procurement and

availability; of those, 15 researchers completed an applica-

tion.10 On an annual basis, Biorepository staff conducts a

utilization and demand analysis to determine the most

useful biospecimen collection types and make recommen-

dations so that the Biorepository maintains the most

valuable types of biospecimen for future ALS research.

The ATSDR seeks to maximize research advancement

by soliciting proposals to target research in two cate-

gories: general research that advances existing knowledge

and innovative research that considers new ideas. In addi-

tion to the support provided directly to PALS, the Regis-

try therefore also funds a wide variety of research into

potential ALS risk factors. Since 2012, the Registry has

funded 21 extramural research grants through the R-01

funding mechanism. These major research grants are

investigator-initiated research proposals that sought to

identify and evaluate ALS risk factors including, but not

limited to, environmental and occupational risks, trau-

matic brain injuries, injury or microbial infection, nutri-

tional intake, and pharmaceutical use.

Recent ATSDR ALS funding opportunities encouraged

the development of meritorious proposals mainly focused

on evaluating the role of military service, contact sports,

traumatic brain injury, neuroinflammation, and infectious

agents in ALS development, progression, and severity.

These research projects help achieve Registry goals of bet-

ter understanding the etiology of ALS. This study focused

on the impact of the Registry-funded research. We aim to

describe the visibility and reach of Registry-funded

research through an examination of funded projects and

related publications.

Methods

Identification of Registry-funded research

The National ALS Registry lists all Registry-funded

research on its website (www.cdc.gov/als/

ALSExternalResearchfundedbyRegistry.html). We identi-

fied 21 external research projects funded between 2012

and 2022 for inclusion using this website. This list of 21

projects was searched for on the NIH Reporter website

(https://reporter.nih.gov/) for more detailed information.

We obtained each project abstract and its relevance to
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public health statement from the NIH Reporter website.

Fourteen of the 21 funded studies were found in this tool.

The remaining seven were funded through different

means (i.e., government contracts). A CDC/ATSDR grants

administrator officer verified the accuracy of this activity.

Identification of publications

Publications related to Registry-funded research were

identified through three sources. The National ALS

Registry website includes links to all Registry-related

publications and reports. We selected all peer-

reviewed publications (https://www.cdc.gov/als/ALSResearch

Publications.html), which provided a list of 88 publica-

tions from 2012 to 2022. We further reviewed this list to

identify 25 articles that were matched to Registry-funded

research projects by reviewing the authors, subject matter,

and funding source provided in the manuscript. Of these,

13 articles were results of grant funding and will be

included in the citation analysis, while 12 were from con-

tract funding. Next, a separate list of publications was

generated from the NIH Reporter website. This website

allows researchers to indicate any published articles as a

result of the funding source. All articles listed on this site

were captured for potential inclusion. Finally, the two lists

were combined and de-duplicated. These lists were

reviewed by the CDC/ATSDR grant administrator and

sent to each Principal Investigator (PI) for review. The PI

was provided the opportunity to modify, add, or delete

any manuscript to the list. Nine of 12 (75%) PIs

responded, and 2 provided additional articles, whereas 7

had no changes.

Criteria for inclusion

To understand and summarize the impact of ALS

Registry-funded research, we included only English lan-

guage peer-reviewed publications published by previously

and currently grant-funded research projects. This

included all research projects funded between 2015 and

2021, and articles published between 2015 and 2022. We

included all types of studies regardless of their design or

research methodology.

Data collection and analysis

We prepared abstraction forms to collect data separately

on the sample of Registry-funded research projects and

on the identified publications. For each identified research

project, we abstracted information on the funding period,

institutions receiving funding, and the involved lead

researchers. Additionally, we mined the project abstracts

and relevance statements for key themes and

differentiators using inductive coding techniques. The

codes were grouped into key themes using a thematic

analysis approach, which was then reviewed and revised

before finalization.

For each publication, we extracted information on key

study characteristics (e.g., study population, design, sam-

ple size, data source, geographical reach) as well as key

impact features (e.g., type and number of ALS risk factors

identified, number and type of citations, area of ALS

research of citing articles). The publication’s relative cita-

tion ratio (RCR) score, as provided by the NIH Office of

Portfolio Analysis iCite tool,10 was documented to mea-

sure a publication’s reach. The RCR represents a citation-

based measure of a published article, or group of publica-

tions, reach in the scientific literature. We analyzed the

extracted information to understand the volume and pro-

ductivity of outputs resultant from Registry-funded

research. Descriptive statistics were used to examine the

number of citations and citation scores.

Results

Registry-funded research began in 2012 as contract-

funded projects. In 2015, ATSDR moved to a system of

investigator-initiated R-01 grants to increase applicants’

eligibility and research topic areas. Twenty-one registry-

funded research studies are described on the Registry

website and summarized here (Table 1; https://www.cdc.

gov/als/ALSExternalResearchfundedbyRegistry.html); seven

of which were funded before 2015. These seven studies

explored environmental risk factors (e.g., persistent

organic pollutant [POPs] exposure, cyanobacterial algal

blooms, metals, pesticides), occupational risk factors (i.e.,

military service, occupational formaldehyde exposure),

genetic risk factors (e.g., race/ethnicity) and behavioral

personal risk factors (e.g., level of physical activity, smok-

ing status, educational attainment).

The analyses described in this manuscript focus on the

14 R-01 grants funded since 2015 and identified in the

NIH Reporter searchable database. Among these grants,

the key topic areas were most often environmental risk

factors (64%), medical condition risk factors (21%), or

genetic risk factors (14%). A total of 11 academic institu-

tions received funding. Studies most frequently used a

case–control study design (8/14, 57%), while the remain-

ing studies used a cohort design. Of the 14 funded grants,

eight (57%) published peer-reviewed publications. At the

time of this publication, 80% of studies whose funding

period closed have produced published articles.

Overall, as of April 2022, 19 articles were published in

peer-reviewed journals as a result of these grants, with an

average of 1–2 publications per funded grant. Of these

publications, 13 were cited by other publications and
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included in the citation analysis (see Table 1). These pub-

lications were cited 114 times, ranging from 1 to 35 per

publication. The RCR of these 13 articles ranged from 0.0

to 5.44, with a mean score of 1.81 (0.53 SEM), and a

weighted RCR of 16.28.

A total of 100 publications cited the original group of

publications. The weighted RCR of the citing articles was

117.33. On average, these secondary articles had 3.08 cita-

tions per year and an average RCR of 3.17 (0–9.76, 0.27).
The secondary articles were cited by 606 publications,

with a weighted RCR of 579.75. On average, there were

2.63 citations per year and an average RCR of 2.15 (0–
20.03, 0.13) for these tertiary publications (Fig. 1).

The original set of publications was predominately

human based, with 0.71 of the Medical Subject Headings

(MeSH) terms for the articles classified as human, 0.09

categorized as animal studies, and 0.04 categorized as

molecular/cellular (Fig. 2). According to the iCite portfo-

lio analysis, there is a 35.4% average Approximate Poten-

tial to Translate (APT), an estimate of the likelihood of

these articles being cited in future clinical documents.

Registry-funded research has supported the investiga-

tion of possible ALS risk factors. Key findings from the

13 publications based on R-01 research grants evaluated

identified new candidate risk factors or further analyzed

previously recognized risk factors (Table 2). Most

Table 1. National Amyotrophic Lateral Sclerosis Registry-funded R-01 extramural research projects (2015–2021).

Institution Principal investigator Year awarded Amount awarded Reviewed publications

RFA-TS-15-001

Trinity College, Dublin (Ireland)

TS000242

Hardiman, Orla 2016 $800,000 Ryan, 201818

Columbia University

TS000243

Mitsumoto, Hiroshi 2015 $1,197,273 Mitsumoto, 202219

University of Miami

TS000244

Benatar, Michael 2016 $799,998

Dartmouth College

TS000245

Stommel, Elijah 2016 $800,000 Andrew, 201720

Kuczmarski, 201721

Andrew, 201822

Andrew, 202123

Stanford University

TS000249

Nelson, Lorene 2015 $1,200,000

RFA-TS-17-001

University of Pittsburgh

TS000272

Talbott, Evelyn 2017 $997,804

Columbia University

TS000285

Shneider, Neil 2018 $1,250,000

RFA-TS-18-001

Dartmouth Hitchcock Clinic

TS000288

Stommel, Elijah 2018 $1,500,000 Andrew, 202024

Andrew, 202125

University of Michigan

TS000289

Feldman, Eva 2018 $1,530,000 Goutman, 202026

De Marchi, 202127

Murdock, 202128

Figueroa-Romero, 202229

Goutman, 202230

RFA-TS-19-001

Northwestern University at Chicago

TS000294

Siddique, Teepu 2019 $899,999

RFA-TS-20-001

Harvard School of Public Health TS000315 Weisskopf, Marc 2020 $1,000,000

Harvard School of Public Health TS000318 Ascherio, Alberto 2020 $1,000,000

RFA-TS-21-001

Karolinska Institute (Sweden)

TS000324

Fang, Fang 2021 $499,560

University of Michigan

TS000327

Feldman, Eva 2021 $400,440

Prior to 2015 the Registry-funded contract research in excess of $2.5 mol/L.
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frequently, environmental and occupational risk factors

were principally explored (6 studies), typically related to

toxic metal exposure (e.g., lead, mercury) and agricultural

chemicals (e.g., pesticides, herbicides), as well as occupa-

tions associated with exposure to these substances, which

are also included in ATSDR’s List of Priority Sub-

stances.11 Genetic, metabolic, or immunologic risk factors

were the primary focus of four studies, while medical

treatment approaches were the primary focus of the

remaining three studies. With a methodological focus on

population-based and clinical cohort studies, the funded

research programs also contributed to the identification

of current limitations and future directions in ALS

research (Table 3).

Discussion

The National ALS Registry is a multifaceted research plat-

form that provides estimates of ALS epidemiology (e.g.,

incidence, prevalence, mortality) in the United States,

606 Ci�ng Ar�cles
2.15 Mean RCR

580 Weighted RCR

100 Ci�ng Ar�cles
2.17 Mean RCR

117.33 Weighted RCR

13 Ar�cles
1.81 Mean RCR

16.28 Weighted RCR

Figure 1. Impact of publications resulting from the National Amyotrophic Lateral Sclerosis Registry-funded research.
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offers researchers access to biospecimens from PALS,

helps pharmaceutical companies and others recruit for

clinical trials and epidemiological studies, and facilitates

research by providing funding to investigate ALS risk fac-

tors and possible etiologies. The Registry is the only fed-

eral program tasked to evaluate what may cause ALS and

why and measuring the public health burden of this dis-

ease. Furthermore, the Registry also conducts and dissem-

inates research findings internally and with its academic

partners to identify new data gaps or potential links to

newly identified biomarkers.12,13

Impact of the Registry-funded Research

Registry-funded research aids in uncovering new candi-

date risk factors and further developing an understand-

ing of previously discovered risk factors. Unique

environmental and occupational exposures, metabolic

and immunologic pathways, and gene variants have been

uncovered through these studies. Ultimately, the goal is

for more in-depth research to further describe the role

these risk factors play in the onset and progression of

ALS.

Primary                                                     Secondary                                                       Ter�ary

Figure 2. Map of research translation.

Table 2. Key risk factors identified by the National Amyotrophic Lateral Sclerosis Registry-funded research, 2015–2021.

Newly identified risk factors Validated risk factors

Environmental or

occupational

exposures

• Occupation: mechanics, painting, con-

struction workers,20–25 miners22

• Heavy metals: bioavailable methylmercury22 • Heavy Metals: lead,19,20,22 inorganic

mercury22,24

• Agricultural chemicals: MCPB (4-[2-methyl-4-chlorophenoxy]-butyric

acid), Terbacil, glyphosate, paraquat, carbaryl, chlorpyrifos, Mancozeb

(manganese-zinc ethylene-bis-di-thiocarbamate)13

• Agricultural chemicals: 2,4-D (2,4-

dicholorophenoxyacetic acid), perme-

thrin13

• Water bodies: full-time residence within 2 miles of a water body, fre-

quent water-related activities (water skiing, boating, sailing, kayaking)20
• Trauma/injury: head trauma, severe

electrical burn/electrocution25

Metabolites or

metabolic

pathways

• Dysregulated pathways: diacylglycerol, benzoate26 • Dysregulated pathways: creatine, sphin-

golipids, polyamines, fatty acids26,30

• Deficiencies: glutathione30

Gene expressions or

genetic variants

• Genetic variants: ANG, C9orf72,

CHCHD10, DCTN118

Immune response or

immunologic

pathways

• Natural killer cell surface markers: CD11a, CD11b, CD38, CX3CR1,

NKG2D, NKp4628
• Protective: history of antineoplastic

treatment21
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Together, these 13 publications have contributed more

to additional research than other papers in this field

(mean RCR = 1.81), as an RCR score over 1.0 indicates

more citations per year than other NIH-funded papers in

its field. Higher impact publications will have a higher

weighted RCR, as we see here with both the initial set of

publications (16.28 > 13) and the first set of citing arti-

cles (117.33 > 100). This demonstrates the value and

impact of these studies on advancing the knowledge of

ALS risk factors. As Registry-funded research continues to

produce impactful publications, the impact on the scien-

tific community is amplified. These findings bring scien-

tists closer to understanding the etiology of this disease

which may translate to future prevention and treatment

discoveries.

As ALS risk factor research evolves, there is a need for

more tailored study designs and research priorities, such

as prospective cohort studies investigating specific ALS

subpopulations (e.g., with a focus on defined exposure

patterns or genetic factors). To better understand the

temporal relationships between exposure patterns (e.g.,

dose, duration) and ALS onset or survival, the integration

of biological specimens and more specific prediagnosis

information into prospective studies is needed. Similarly,

the inclusion of experimental or mechanistic studies can

help establish the cause–effect relationship of observed

risk factor candidates and link genetic or immunologic

pathways to the ALS disease course.

Additionally, ongoing work and discoveries by other

ATSDR programs likely offer new opportunities to com-

plement ALS risk factor research, as with the identifica-

tion of genotoxic markers associated with toxic substance

exposure in ATSDR’s Toxicological Profiles or the identi-

fication of geospatial patterns of ALS incidence and

potential linkages to social vulnerability or other equity

measures developed by ATSDR’s Geospatial Research,

Analysis, and Services Program (GRASP).14,15

Limitations

There are limitations to this analysis. First, many of the

publications identified by researchers have not been pub-

lished long enough to be cited. Six additional publications

identified during our search process have been published

Table 3. Current limitations and future Amyotrophic Lateral Sclerosis (ALS) research needs identified by the National ALS Registry-funded

research, 2015–2021.

Study designs Commonly identified limitations Future research needs identified

Population-based cohort

studies (e.g., ALS

registries, claims data)

Subgroup analysis: insufficient sample sizes for

specific subpopulations20,22,23,30
• Larger cohort studies22,23

• Targeted population sampling (e.g., exposure to water bod-

ies, specific drug/therapeutic profiles, specific familial/genetic

patterns, small-area populations, geographical “hot

spots”)20,22,23,30

Latency analysis: insufficient detail on exposure

timing and duration in reported

information13,20,22

• Additional information (e.g., prediagnostic exposures, resi-

dential history, weather-related exposure patterns, distance

to chemical use)13

• Biological specimen (estimates for exposure dose, bioaccu-

mulation)13,20

• Prospective cohort studies13,22

Confounding: challenges related to identifying

ideal population-based control cohorts19
• Standardized methodologies for control recruitment (e.g.,

sibling controls, matched population controls)9,19

• Prospective cohort studies19

Causal inference: unclear cause–effect

relationship between observed exposures and

disease outcomes20,22,24,30

• Prospective cohort studies22

• Experimental studies for identified risk factors22

• Mechanistic studies for less-studied chemicals13

Clinic-based ALS cohorts

(e.g., hospital,

multicenter)

Subgroup analysis: insufficient representation of

specific ALS subgroups in preclinical

studies)18,21,25,26,29

• Targeted case sampling (e.g., high-exposure patients for

selected environmental factors, specific genetic signatures,

sex, age)18,29

Reverse causality: insufficient detail on exposure

timing and duration in reported

information.26,28

• Prospective cohort studies (e.g., revealing temporal relation-

ships)21,26

• Mechanistic studies (identification of prediagnostic exposure

pathways, prediction of ALS course)26
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too recently for the scientific community to cite. We there-

fore excluded these publications from this analysis as these

publications would have incorrectly underestimated the

overall weighted RCR. Instead, our intention is to repeat

this analysis at a future date including those and still

upcoming publications to provide a more accurate repre-

sentation of the impact of ongoing and future research pro-

jects. Hence, the true impact of the Registry-funded

research might be greater than presented in this article. Sec-

ond, this analysis focused only on peer-reviewed publica-

tions. The findings from these funded studies may have

additionally been shared at scientific conferences, meetings,

and other events where their resulting impact has not been

measured and accounted for in this analysis. Third, the

focus of this review was limited to the reach of Registry-

funded research publications in the scientific community.

Hence, our findings do not assess the impact of this pub-

lished research on health policies or programs addressing

ALS or other neurologic diseases.

Future recommendations

So far, federal ALS research initiatives provide a rather

siloed approach to understanding ALS. For instance,

funding from the U.S. Department of Defense focuses on

the preclinical development of therapeutic agents, the

National Institute of Health targets basic science biomedi-

cal research to slow disease progression, and the CDC/

ATSDR focuses on epidemiology and risk factor identifi-

cation. Together, these initiatives will investigate the full

spectrum of ALS research needs. The Registry-funded

research therefore fills an essential gap within the wider

ALS research landscape.

While exploratory and developmental research studies

are needed to identify and evaluate those risk factors with-

out a well-substantiated evidence base (e.g., with limited or

insufficient preliminary research), those risk factors with an

already well-documented evidence base would further ben-

efit from strengthened rigorous evaluation.

Examples of such putative risk factors that may benefit

from additional research include occupational radiation

or electromagnetic exposures, nutrition related to heavy

metal exposures, traumatic brain injuries and strenuous

activity related to military service, or the role micro-

biome, infectious agents, nutritional deficiencies, or geno-

mics play in the ALS etiology.

ALS studies may be further strengthened by a focus on

the causal interaction between environmental chemicals

and genetic factors.16,17 For instance, the application of

new alternative methods (NAMs), high-throughput

screening, machine learning, or computational tools may

offer suitable technologies leading to the discovery of new

drugs, gene–chemical interactions, or genetic treatments

in ALS. These methods may also provide additional

mechanistic insights into disease etiology.

Other examples include studies that have already been

demonstrated to be reproducible and for which the

research outcomes have been used to inform clinical med-

icine practice (i.e., heavy metals, POPs, and specific expo-

sures related to military service). Further, geographic

information systems (GIS) provide simple tools for dis-

ease mapping and decision-making tools. GIS and related

technologies also find widespread use in analyzing the

relationships between risk factors and their geographical

environments.

Last, the valuable contributions from domestic and

international research institutions with access to robust

ALS Registry and biorepository data sources will further

strengthen existing knowledge about ALS risk factors.

Further studies are therefore needed to systematically

explore the literature on ALS risk factors related to envi-

ronmental toxicology.

Conclusions

Risk factor research remains an essential component of ALS

research as it is difficult to prevent and treat a disease with-

out an understanding of its causes. One of the main func-

tions of the National ALS Registry is to examine the etiology

and risk factors of the disease. Potential ALS risk factors

identified thus far from Registry-funded research include

specific environmental and occupational exposures, meta-

bolic and immunologic pathways, and gene variants. More

in-depth research, conducted by the Registry and others, is

needed to further describe the role these and additional risk

factors play in the causing and progression of ALS.
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