
Copyright 2013 American Medical Association. All rights reserved.

Biomarker-Based Predictive Models for Prognosis
in Amyotrophic Lateral Sclerosis
Xiaowei William Su, BS; Zachary Simmons, MD; Ryan Michael Mitchell, MD, PhD; Lan Kong, PhD;
Helen Elizabeth Stephens, MA; James Robert Connor, PhD

IMPORTANCE Although median survival in amyotrophic lateral sclerosis (ALS) is 2 to 4 years,
survival ranges from months to decades, creating prognostic uncertainty. Strategies to
predict prognosis would benefit clinical management and outcomes assessments of clinical
trials.

OBJECTIVE To identify biomarkers in plasma and cerebrospinal fluid (CSF) of patients with
ALS that can predict prognosis.

DESIGN, PARTICIPANTS, AND SETTING We conducted a retrospective study of plasma (n = 29)
and CSF (n = 33) biomarkers identified in samples collected between March 16, 2005, and
August 22, 2007, from patients with ALS at an academic tertiary care center. Participants
included patients who were undergoing diagnostic evaluation in the neurology outpatient
clinic and were eventually identified as having definite, probable, laboratory-supported
probable, or possible ALS as defined by revised El-Escorial criteria. All were white and none
had a family history of ALS. Clinical information extended from initial presentation to death.
Genotyping for hemochromatosis (HFE) gene status was performed. Multiplex and
immunoassay analysis of plasma and CSF was used to measure levels of 35 biomarkers.
Statistical modeling was used to identify biomarker panels that could predict total disease
duration.

MAIN OUTCOMES AND MEASURES Total disease duration, defined as the time from symptom
onset to death, was the main outcome. The hypothesis being tested was formulated after
data collection.

RESULTS Multivariable models for total disease duration using biomarkers from plasma, CSF,
and plasma and CSF combined incorporated 7, 6, and 6 biomarkers to achieve goodness-of-fit
R2 values of 0.769, 0.617, and 0.962, respectively. After classification into prognostic
categories, actual and predicted values achieved moderate to good agreement, with Cohen κ
values of 0.526, 0.515, and 0.930 for plasma, CSF, and plasma and CSF combined models,
respectively. Inflammatory biomarkers, including select interleukins, growth factors such as
granulocyte colony-stimulating factor, and L-ferritin, had predictive value.

CONCLUSIONS AND RELEVANCE This study provides proof-of-concept for a novel multivariable
modeling strategy to predict ALS prognosis. These results support unbiased biomarker
discovery efforts in larger patient cohorts with detailed longitudinal follow-up.
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Amyotrophic lateral sclerosis (ALS) is highly heteroge-
neous in clinical course and survival, with the latter
ranging from months to decades. The cause of most

cases of ALS remains unknown. Although several genetic and
environmental factors have been identified, each accounts for
a fraction of the total caseload.1 These elements confound clini-
cal management as well as the development of new treat-
ments. Biomarkers have the potential to address both of these
concerns.

Biomarkers are objective physiologic measures reflecting
biological processes or treatment effects.2,3 By improving prog-
nostic determination, they could aid clinical care planning, in-
cluding discussions of gastrostomy tube placement, noninva-
sive ventilation, and end-of-life decisions. Prognostic
biomarkers also could have a meaningful effect on the con-
duct of clinical trials. It is now often impossible to determine
whether a potential therapeutic agent in a failed clinical trial
is wholly ineffective or may have benefited a subgroup of pa-
tients who could be stratified by as-yet unidentified biomark-
ers. Biomarker subgroup analyses in clinical trials has the po-
tential to permit the stratification of clinical response results
according to predicted prognosis.

Several ALS biomarker studies have been conducted or are
ongoing. In blood, amino acids,4-6 inflammatory cytokines,7-11

growth factors,12-14 and metabolites15,16 have been studied. In
cerebrospinal fluid (CSF), researchers have analyzed similar
classes of biomarkers,6,17-19 with special attention to neuro-
filament protein,20-23 τ,24 S100-β,24,25 and cystatin C.26,27 Pre-
vious studies28,29 have demonstrated that protein biomark-
ers in both plasma and CSF may aid the diagnosis and
stratification of patients with ALS. However, these studies fo-
cused primarily on diagnosis rather than clinically relevant
prognostic end points and generally followed a targeted rather
than unbiased discovery approach. As such, biomarker stud-
ies using unbiased screens of candidate targets for disease pro-
gression and prognosis are limited.

This study attempted to identify biomarkers relevant for
ALS prognosis. Study design, recruitment, sample collection
and biobanking, quality control, and data analysis proceeded
with attention to recent ALS biomarker research guidelines.30

The results support the usefulness of biomarker-based ap-
proaches to analyze ALS disease progression and prognosis.

Methods
Patients and Samples
We conducted a retrospective study of plasma and CSF bio-
markers identified in samples collected between March 16,
2005, and August 22, 2007, from patients who were undergo-
ing diagnostic evaluation in the neurology outpatient clinic and
were eventually identified as having definite, probable, labo-
ratory-supported probable, or possible ALS.31 Clinical infor-
mation extended from initial presentation to death and
spanned June 1, 1989, through March 30, 2013. Blood samples
were collected by venipuncture and were centrifuged imme-
diately to isolate plasma. After written informed consent was
received from patients, CSF samples were obtained by stan-

dard lumbar puncture under sterile conditions with local an-
esthetic. Plasma and CSF were obtained between 8 AM and 12
PM to limit circadian effects. Samples were frozen after collec-
tion, then later thawed on ice and centrifuged to remove par-
ticulate matter. Protease inhibitor cocktail (for use with mam-
malian cell and tissue extracts; Sigma-Aldrich) was added, and
samples were refrozen at −80°C in 200-μL aliquots until use.
The study was approved by the Penn State Hershey Medical
Center institutional review board.

Patient Characteristics
Clinical variables recorded included date of birth, sex, site and
time of symptom onset, ALS Functional Rating Scale–
Revised scores,32 and time of death. Total disease duration was
defined as time from symptom onset to death. None of the pa-
tients underwent tracheostomy and mechanical ventilation.
Because of the suggested association between ALS and hemo-
chromatosis gene (HFE) polymorphisms,33-37 histidine-63-to-
aspartic acid (H63D) and cysteine-282-to-tyrosine (C282Y) HFE
genotyping was performed.

HFE Genotyping
Genomic DNA was purified from leukocytes (QIAamp DNA Mini
kit; Qiagen). Polymerase chain reaction followed by restric-
tion fragment length analysis and confirmation DNA sequenc-
ing as previously reported35 were used to analyze H63D and
C282Y HFE status.

Multiplex Assay
Multiplex biomarker analysis of plasma and CSF was per-
formed using an assay system (Bio-Plex Pro Human Cytokine
27-Plex; Bio-Rad Laboratories). Briefly, 50 μL of plasma at a 1:3
dilution or undiluted CSF was added to 50 μL of antibody-
conjugated beads on respective assay wells, followed by 25 μL
of detection antibody. At that time, 50 μL of streptavidin-
phycoerythrin was added, and the reaction proceeded to
completion. Washes between steps were performed using an au-
tomated wash-station (Bio-Plex Pro; Bio-Rad Laboratories). As-
say plates were read using a multiplex system (Bio-Plex 200; Bio-
Rad Laboratories), and data were analyzed using commercial
software (Bio-Plex Manager; Bio-Rad Laboratories). Analyte con-
centration was calculated based on the standard curve for each
cytokine. Each sample was analyzed in duplicate, and the co-
efficient of variance was less than 10% for each sample in-
cluded in the final analysis. Levels of all analytes were mea-
sured using the multiplex assay system except those related to
iron metabolism, which are not available on the multiplex panel.
These biomarkers were analyzed by enzyme-linked immuno-
sorbent assay (ELISA), immunoradiometric assay, or atomic ab-
sorption spectrometry as detailed below.

Immunoassays
Plasma and CSF levels of β-2 microglobulin (β-2 microglobu-
lin BioAssay ELISA Kit; USBiological) and transferrin (Human
Transferrin ELISA Kit; Bethyl Laboratories) were analyzed using
ELISA. L-ferritin levels were measured by immunoradiomet-
ric assay, which uses an antibody targeting human spleen fer-
ritin largely composed of L-ferritin (Coat-A-Count Ferritin
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IRMA; Siemens Medical Solutions), and H-ferritin levels were
measured by ELISA according to previously published
protocols.38 Plasma levels of C-reactive protein (Human C-
Reactive Protein/CRP Quantikine ELISA Kit; R&D Systems) and
pro-hepcidin (DRG Hepcidin Prohormone ELISA Kit; DRG In-
ternational) were analyzed by ELISA. Assays were conducted
per manufacturers’ protocols.

Iron Measurement and Calculation of Transferrin Saturation
Total iron content in plasma and CSF was determined by di-
gestion in ultrapure nitric acid (9598-00; J.T. Baker, ), 1:4 vol/
vol, followed by incubation at 60°C for 24 hours. Samples were
diluted 1:100 in ddH2O and then analyzed (Perkin Elmer Atomic
Absorption Spectrometer 600 series). Transferrin saturation
in plasma was calculated as transferrin saturation (%) = plasma
iron (mol/L) / [2 transferrin (mol/L)] 100. Replicate sample
variation was less than 5%, and an external standard was in-
cluded in each set of analyses.

Statistical Analysis and Multivariable Modeling
Total disease duration was calculated from clinical data and
treated as the dependent variable. Descriptive statistics were
calculated for biomarker and clinical values. Multiple linear re-
gression incorporating stepwise-forward, main effects–only
analyses was conducted. Variable selection algorithms used
McHenry’s39 method. Briefly, the variable with highest R2 was
entered as an independent variable, followed by the variable
that next most increased predictive likelihood. Switching was
integral to the algorithm, such that with each successive vari-
able added to the model, all other variables were checked for
increases in the likelihood function, until the set of variables
for an n-variable model was stable. The process was then re-
peated for n +1 variables until no further significant variables
remained.

Models were validated using the original biomarker and
clinical values of the plasma- and CSF-discovery cohorts; limi-
tations of this approach are covered in the Discussion section.
Confidence bands were constructed for model-based predic-
tions at the individual-subject level. Actual and predicted val-
ues for total disease duration were grouped into prognostic cat-
egories, and agreement was analyzed using Cohen’s κ statistics.
Commercial software was used for statistical analyses (SSA, ver-
sion 9.3; SAS Institute or NCSS, version 8; NCSS LLC). Signifi-
cance tests were 2-tailed, with significance set at the P < .05 level.

Results
Clinical Results
Plasma and CSF samples were available from 29 and 33 pa-
tients with ALS, respectively. Of these, 18 patients provided
both plasma and CSF samples. All participants were white, and
none had a family history of ALS. Descriptive statistics of pa-
tient characteristics are provided in Table 1.

Biomarker Results
Biomarkers analyzed are listed in Table 2. Five biomarkers were
associated with greater than 10% variability between mea-

surements and were excluded from subsequent analyses: in-
terleukin 4 (IL-4), IL-8, IL-15, and IL-17 in plasma and IL-1β in
CSF. Status of C282Y HFE was excluded because of the lim-
ited number of patients harboring this allele. A total of 31 bio-
markers and 3 categorical clinical variables (sex, H63D HFE sta-
tus, and site of symptom onset) were entered into individual
plasma or CSF multivariable model algorithms. For the com-
bined plasma and CSF model, each available plasma and CSF
biomarker was entered into the algorithm, as well as the ratio
of plasma-CSF levels for each biomarker that was measured
in both plasma and CSF. The ranges of biomarkers assayed are
given in Table 2.

Multivariable Models
The plasma duration model is presented in Figure 1A, with re-
gression coefficient CIs, model selection iteration summa-
ries, and analysis of variance tables presented in the Supple-
ment (eTable 1). The predictive model achieved R2 = 0.769 and
took the following form: disease duration = 0.128 (C-X-C mo-
tif chemokine 10 [IP-10]) + 12.825 (IL-10) – 22.472 (IL-1β) – 0.248
(IL-1RA) – 5.467 (IL-12) – 0.00463 (chemokine [C-C motif] li-
gand 5 [RANTES]) + 0.380 (eotaxin) + 114.654. The agreement
between actual and predicted total duration was categorized,
with predictions more than 50% above or 33% below actual (a
geometrically symmetric error range) classified as high or low
predictions, respectively, and those within this range classi-
fied as a match. Prediction matched actual in 14 cases, was high
in 9 cases, and was low in 6 cases.

The CSF duration model is presented in Figure 1B, with ad-
ditional statistical information presented in the Supplement
(eTable 2). The predictive model achieved R2 = 0.617 and took
the following form: disease duration = 1.731 (IL-9) – 1.799 (age
of onset) – 35.485 (IL-5) – 4.657 (IL-12) + 4.277 (macrophage in-
flammatory protein-1-β [MIP-1β]) + 4.870 (granulocyte colony-
stimulating factor [G-CSF]) + 155.210. After categorization as
above, prediction matched actual in 19 cases, was high in 6
cases, and was low in 8 cases.

Table 1. Characteristics of Patients With ALS

Clinical Variable Plasma Cohort CSF Cohort

No. of patients 29 33

Male sex, No. (%) 19 (66) 23 (70)

Age at onset, median (range), y 57.6 (35.0-83.6) 58.3 (35.0-79.5)

Onset to sample time, median
(range), mo 17.7 (4.1-189.5) 10.4 (3.2-64.1)

Site of onset, bulbar, No. (%) 10 (34.5) 10 (30.3)

ALSFRS-R score at sample
collection, median (range) 37 (16-48) 41 (16-48)

HFE status, harboring variant,
No. (%)a

H63D 11 (38) 12 (36)

C282Y 1 (3) 5 (15)

Total disease duration, median
(range), mo 33.4 (9.0-193.6) 42.0 (9.0-149.9)

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional
Rating Scale–Revised; CSF cerebrospinal fluid.
a HFE status: all participants harboring variants were heterozygous for H63D or

C282Y HFE; none were double heterozygous for both alleles.
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The combined plasma and CSF duration model is pre-
sented in Figure 2, with additional statistical information pre-
sented in the Supplement (eTable 3). The predictive model
achieved R2 = 0.962 and took the following form: total dis-
ease duration = 0.1323 (plasma IP-10) – 18.004 (CSF IL-8) +
10.871 (plasma IL-5) + 0.338 (plasma L-ferritin) + 0.176 (CSF
chemokine [C-C motif] ligand 2 [MCP-1]) – 7.480 [plasma/CSF

interferon-γ [IFN-γ] – 12.058. After categorization as above, pre-
diction matched actual in 16 cases, was high in 1 case, and was
low in 1 case.

Actual and predicted disease duration were classified into
prognostic categories using a separate scheme according to the
following criteria: rapid progression (disease duration <2 years);
average progression (disease duration 2-4 years); and slow pro-
gression (disease duration >4 years). Agreement was measured
using weighted Cohen κ statistics on the resultant contingency
tables (Table 3). The combined plasma and CSF model resulted
in agreement between actual and predicted prognostic catego-
ries in 17 of 18 patients. Actual and predicted prognoses achieved
κ = 0.526 for the plasma model, κ = 0.515 for the CSF model, and
κ = 0.930 for the combined plasma and CSF model.

Discussion
This study used a novel modeling strategy to predict ALS prog-
nosis using panels of plasma and CSF biomarkers, with 2 sig-
nificant findings. First, the methods identified several biomark-
ers with predictive value that are biologically relevant to ALS,
including inflammatory cytokines, growth factors, and mark-
ers of iron metabolism, suggesting new directions for research
on characteristics of disease pathophysiology. Second, multi-
variable modeling techniques serve as proof-of-concept for a
novel strategy aimed at predicting prognosis. Mathematically,
the models incorporated a manageable number of predictive fac-
tors to achieve reasonable goodness of fit. Although the par-
ticular models obtained in this study may not be generalizable
to larger cohorts, the results argue for the usefulness of multi-
variable modeling in biomarker-based ALS research.

Plasma models had reasonable ability to predict total dis-
ease duration using 7 biomarkers; in descending order of pre-
dictive value (as measured by R2), these were IP-10, IL-10, IL-
1β, IL-1RA, IL-12, RANTES, and eotaxin. Among these,IL-1β and
IL-12 predict shorter disease duration in the model. These cy-
tokines are secreted by activated macrophages to stimulate T-
cell–based inflammatory responses and may reflect deleteri-
ous chronic inflammation. In contrast, IL-10 predicts longer
disease duration. This immunoregulator mediates a number
of anti-inflammatory effects via suppression of macrophages
and antigen-presenting cells; inhibition of several inflamma-
tory cytokines, including IL-1β and IL-12; and prevention of
overwhelming immune responses leading to tissue damage.40

These results suggest that, in periphery, a lower level of in-
flammation is associated with longer disease duration. Al-
though speculative, the plasma cytokine profile is suggestive
of M2 vs M1 macrophage activation.41 In this context, the in-
verse relationship between IL-1RA, which inhibits the effects
of IL-1β, and total disease duration suggests IL-1RA levels may
be more important as a marker of systemic inflammation than
a direct indicator of an anti-inflammatory response. More-
over, the expression of IL-1RA may indicate chronic inflam-
mation in ALS. We also showed that RANTES, which has been
previously associated with ALS42 and is a chemotactic mol-
ecule for T cells, eosinophils, and basophils, predicts shorter
disease duration.

Table 2. Biomarkers Analyzed With Ranges

Biomarkera Plasma Median (IQR) CSF Median (IQR)

β2M, ng/mL 979.4 (826.5-1188.1) 735.5 (630.7-890.7)

CRP, mg/L 1.36 (0.92-2.67)

Eotaxin 53.05 (38.93-88.48) 11.91 (9.76-13.28)

FGF basic 17.16 (0.00-33.74) 75.52 (54.96-95.58)

G-CSF 37.12 (32.74-41.54) 5.91 (4.24-9.57)

GM-CSF 11.51 (2.48-21.98) 64.67 (51.99-76.54)

H-Ferritin, ng/mL 0.367 (0.244-0.537) 0.387 (0.093-0.831)

IFN-γ 130.0 (107.4-163.9) 42.03 (34.51-47.58)

IL-1β 3.85 (2.74-4.40)

IL-1RA 178.0 (133.8-260.5) 57.42 (50.54-73.45)

IL-2 6.62 (0.00-13.40) 53.94 (46.31-61.54)

IL-4 13.47 (11.13-14.96)

IL-5 3.05 (2.05-5.14) 3.97 (3.19-4.54)

IL-6 10.82 (7.06-14.41) 28.82 (25.75-31.90)

IL-7 3.15 (2.63-4.09) 55.18 (48.68-64.87)

IL-8 4.23 (3.53-4.64)

IL-9 20.00 (8.71-30.48) 88.17 (74.52-105.97)

IL-10 3.69 (2.18-7.60) 11.46 (9.90-12.67)

IL-12 7.49 (5.26-11.35) 26.43 (24.02-29.80)

IL-13 10.71 (7.63-15.53) 26.65 (21.15-33.49)

IL-15 23.77 (21.00-27.86)

IL-17 77.95 (62.04-92.40)

IP-10 510.1 (344.7-694.9) 252.5 (166.1-344.8)

Iron, μg/dL 73.10 (59.05-99.25) 8.00 (6.10-12.20)

L-Ferritin, ng/mL 72.33 (29.74-140.60) 1.28 (0.80-2.57)

MCP-1 93.70 (66.53-145.95) 137.00 (113.00-145.95)

MIP-1α 10.12 (8.65-11.76) 8.61 (7.89-9.44)

MIP-1β 47.86 (33.59-64.57) 17.38 (15.07-20.08)

PDGF-BB 349.3 (177.1-605.8) 34.98 (20.66-47.82)

Pro-Hep, ng/m) 374.5 (186.5-592.7)

RANTES 6510.7 (4891.8-9300.7) 10.09 (8.77-12.15)

TNFα 25.42 (0.00-63.71) 30.95 (24.95-35.60)

Transferrin, mg/L 2364.3 (1862.5-3627.3) 25.60 (10.10-36.08)

TSAT, % 23.72 (12.67-30.47)

VEGF 9.31 (3.52-13.24) 24.31 (20.83-28.92)

Abbreviations: β2M, β-2 microglobulin; CRP, C-reactive protein; CSF,
cerebrospinal fluid; FGF, fibroblast growth factor; G-CSF, granulocyte
colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating
factor; IFN, interferon; IL, interleukin; IL-1RA, interleukin-1 receptor antagonist;
IP-10, C-X-C motif chemokine 10; IQR, interquartile range; MCP-1, chemokine
(C-C motif) ligand 2; MIP-1α, macrophage inflammatory protein-1-α; MIP-1β,
macrophage inflammatory protein-1-β; PDGF-BB, platelet-derived growth
factor (subunit composition BB); Pro-Hep, pro-hepcidin; RANTES, chemokine
(C-C motif) ligand 5; TNF, tumor necrosis factor; TSAT, transferrin saturation;
VEGF, vascular endothelial growth factor.
a All biomarkers are expressed in pg/mL unless otherwise specified.
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The CSF model incorporated 6 biomarkers; in descend-
ing order of predictive value, these were IL-9, age of onset, IL-5,
IL-12, MIP-1β, and G-CSF. Consistent with clinical observa-
tions, increasing age of onset predicts shorter disease dura-
tion, arguing for the validity of results. As in plasma, IL-12 in
CSF predicts shorter disease duration, supporting the argu-
ment for a negative effect of inflammation in both the central
nervous system and periphery on disease duration. Levels of
G-CSF, a growth factor previously shown to have neuropro-
tective effects on motor neurons in ALS,18 predicts longer dis-
ease duration in the CSF model; MIP-1β, a chemoattractant for
macrophages and microglia, was also a positive predictor in
CSF. These results support the concept that balanced im-
mune modulation in the central nervous system, possibly me-
diated by distinct classes of immune regulators (eg, M2 vs M1
macrophages), is required to prevent neurotoxicity.41,43 In CSF,
IL-9 and IL-5, together with eotaxin in plasma, mediate eo-
sinophil-based immune responses and may be connected to
findings suggesting elevated eosinophil-derived neurotoxin
levels in the CSF of patients with ALS.44

The combined plasma and CSF model, which achieved high
R2 and Cohen κ, was based on 6 biomarkers; in descending or-
der of predictive value, these were plasma IP-10, CSF IL-8,
plasma IL-5, plasma L-ferritin, CSF MCP-1, and the ratio of
plasma-CSF IFN-γ. Plasma L-ferritin predicts longer disease du-
ration in the model, implicating iron status in ALS disease
course. Other markers of iron metabolism were not signifi-
cant. A low plasma-CSF IFN-γ ratio predicts longer disease du-
ration, whereas absolute levels did not affect disease dura-
tion. This may reflect a situation in which low levels of systemic
inflammation, coupled with moderate levels of central ner-
vous system immune activation, promote neuroprotection. The
positive correlation between plasma IP-10 and total disease du-
ration suggests that a specific induction of this cytokine by

IFN-γ, vs the direct proinflammatory effects of IFN-γ, is ben-
eficial. In CSF, levels of IL-8, a proinflammatory cytokine that
activates neutrophils, predicts shorter duration, whereas MCP-1,
which attracts monocytes, predicts longer duration. This may
again implicate differing immune cells, or even subclasses of
the same cell, in central nervous system immune modulation

Figure 1. Plasma and Cerebrospinal Fluid (CSF) Models for Total Disease Duration
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Figure 2. Combined Cerebrospinal Fluid (CSF) and Plasma Biomarkers
as a Model for Total Disease Duration
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that affords neuroprotection. Results also suggest that a com-
bination of plasma and CSF biomarkers has greater predictive
power than their levels in plasma or CSF alone.

With regard to prediction accuracy, R2 best reflects good-
ness of fit; however, it is not likely to be immediately intui-
tive to the clinician. Classification by error bands best ac-
counts for continuous error between actual and predicted
duration. Less error is acceptable when durations are short vs
when they are long: a prediction error of 6 months is unac-
ceptable if the actual duration is 2 months; however, it is rea-
sonable if the actual duration is 10 years. However, this method
allows greater error with longer duration times. Classifica-
tion by prognostic categories is potentially the most clini-
cally relevant. However, this method is artificially stringent at
the boundaries between categories: for example. an overesti-
mate of only 2 months when the actual duration is 23 months
yields a mismatch. Practical application of the results re-
quires attention to these strengths and limitations.

This study provides proof-of-concept for a novel multi-
variable modeling strategy to predict ALS prognosis. Statisti-
cal methods used relatively simple models and coefficients be-
cause it was assumed that, all else being equal, less complex
formulas requiring fewer independent factors provide more
valid predictions. Models incorporated only main effects and
basic interaction terms (biomarker plasma-CSF ratios), maxi-
mizing the generalizability of equations by decreasing the po-
tential for detecting false-positive higher-order relationships.

A limitation of this study is its cross-sectional design, using
samples obtained at a single time for each patient. It is possible
that levels of biomarkers change both in absolute value and rela-
tive to one another during the disease course. Better knowl-
edge of these variations may improve the precision of models
and elucidate underlying disease mechanisms. A longitudinal
follow-up study using measurements of biomarkers at more than
one point in patients’ disease trajectories is planned.

The small sample sizes precluded independent discovery
and validation cohorts for predictive modeling. This is an-
other limitation of this study, potentially resulting in artifi-
cially inflated goodness of fit. However, the present results pro-
vide a compelling starting point for the use of this method in
larger cohorts. More generally, survival time prediction using
statistical models suffers from inherent shortcomings inde-
pendent of any specific strategy. Individual variations in sur-
vival times are large enough that the best clinical models pro-
vide only approximate indications of prognosis. Point
predictions are most error prone, with rates of serious error
(predictions less than half or more than twice of the actual val-
ues) often exceeding 50%.45 Predictions using prognostic cat-
egories (Table 3) may be more appropriate.

The present results suggest that multivariable models in-
corporating plasma biomarker panels may have prognostic
value in ALS. Future studies should use unbiased discovery
methodologies in large patient cohorts, with detailed longi-
tudinal follow-up.
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