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Objective: The current study sought to develop a new indicator for disease progression rate in amyotrophic lateral
sclerosis (ALS).
Methods: We used a nonparametric method to score diverse patterns of decline in the percentage of predicted
forced vital capacity (%FVC) in patients with ALS. This involved 6317 longitudinal %FVC data sets from 920
patients in the Pooled Resource Open-Access ALS Clinical Trials (PRO-ACT) database volunteered by PRO-ACT
Consortium members. To assess the utility of the derived scores as a disease indicator, we examined changes over
time, the association with prognosis, and correlation with the Risk Profile of the Treatment Research Initiative to
Cure ALS (TRICALS). Our local cohort (n = 92) was used for external validation.
Results: We derived scores ranging from 35 to 106 points to construct the FVC Decline Pattern scale (FVC-DiP).
Individuals’ FVC-DiP scores were determined from a single measurement of %FVC and disease duration at
assessment. Although the %FVC declined over the disease course (p < 0.0001), the FVC-DiP remained relatively
stable. Low FVC-DiP scores were associated with rapid disease progression. Using our cohort, we demonstrated
an association between FVC-DiP and the survival prognosis, the stability of the FVC-DiP per individual, and a
correlation between FVC-DiP scores and the TRICALS Risk Profile (r2 = 0.904, p < 0.0001).
Conclusions: FVC-DiP scores reflected patterns of declining %FVC over the natural course of ALS and indicated
the disease progression rate. The FVC-DiP may enable easy assessment of disease progression patterns and could
be used for assessing treatment efficacy.

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease that progressively affects both upper and lower motor neurons.
ALS exhibits substantial phenotypic heterogeneity and variability in
progression rates [1]. The median survival time from onset to death

ranges from 20 to 48 months and approximately 10%–20% of ALS pa
tients survive for >10 years after onset [2]. Although there is no radical
treatment for ALS, evaluation of disease severity throughout the disease
course is essential for patient care management, including the use of
riluzole and edaravone, the timing and content of nutrition support, and
respiratory assistance [3]. Evaluation of disease severity in patients with
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ALS involves two components: functional state at assessment and disease
progression rate. Most indicators of ALS activity focus on the functional
state at the time of assessment; evaluation of the disease progression rate
using these indicators requires longitudinal observation [4]. Patterns of
functional decline in ALS patients are not uniform and are not neces
sarily linear during the disease course [5–8]. Thus, it is difficult to assess
the rate of disease progression in an individual patient based on a single
assessment of the functional indicators. A number of prognostic models
have recently been developed to determine the rate of disease progres
sion in individual patients [9–16]. However, the relationships between
these models have not been examined in detail [17].
Irrespective of the site of onset, respiratory failure is the major cause
of death in patients with ALS [18]. Forced vital capacity (FVC) is the
most commonly used measure for evaluating the functional state of
respiratory muscles. It has been reported that the rate of FVC decline and
measurements of the percentage of predicted FVC (%FVC) at the initial
visit are significant predictors of survival in patients with ALS [19,20]. A
method enabling the evaluation of disease progression rate using a
single measurement of FVC, irrespective of measurement timing, would
be valuable for patient management.
In the current study, we aimed to develop a new method for evalu
ating the disease progression rate using a single FVC measurement that
could be taken at any point throughout the disease course. We devel
oped a scale with scores reflecting different patterns of decline in the %
FVC over the course of the disease, based on longitudinal %FVC data
from the Pooled Resource Open-Access ALS Clinical Trials (PRO-ACT)
database [21]. The measure is called the FVC Decline Pattern scale (FVCDiP). We examined the utility of the FVC-DiP as an indicator of the
disease progression rate using the PRO-ACT database, and our local
cohort was used for external validation. We also examined the associa
tion between FVC-DiP scores and an existing prognostic model, the Risk
Profile proposed by the Treatment Research Initiative to Cure ALS
(TRICALS), which is based on a well-validated prognostic model
developed by the European Network for the Cure of ALS [9,22].

participants for prospective observation data collection.

2. Methods

Using the PRO-ACT database and our single-center cohort data, we
examined changes in FVC-DiP scores during the disease course and the
association with disease prognosis. Day 0 in clinical trials was consid
ered as the baseline for patients in the PRO-ACT database, and the time
at diagnosis was set as the baseline for patients in our single-center
cohort. Changes in %FVC and FVC-DiP scores, depending on duration
from baseline, were examined using longitudinal follow-up measure
ments. Patients’ characteristics and disease prognosis were compared
according to FVC-DiP scores at baseline. For survival analysis, time to
death from symptom onset or baseline was assessed for patients in the
PRO-ACT database, and ventilation-free survival (including noninvasive ventilation) from baseline was assessed for patients in our
single-center cohort. In addition, we examined the correlation between
FVC-DiP and the TRICALS Risk Profile using our single-center cohort
data. The TRICALS Risk Profile was calculated by entering the following
data on the website (https://tricals.shinyapps.io/risk-profile/): grade of
the revised El Escorial criteria at diagnosis, site of onset, presence or
absence of frontotemporal dementia, date of birth, onset, diagnosis, and
screening, and scores of ALSFRS-R and %FVC at screening.

2.2. Development of the FVC-DiP
We performed a nonparametric approach using longitudinal %FVC
data of the PRO-ACT database to develop the FVC-DiP (Fig. 1A). First,
we divided %FVC data into 19 groups according to the duration from
symptom onset to measurement in 3-month intervals (Fig. 1B). For
example, measurements between 5 and 7 months from symptom onset
were clustered as data at a duration of 6 months. When there were
multiple measurements for a patient within an interval, the median was
calculated so that one interval contained a single measurement per pa
tient. Second, we categorized %FVC data at each duration using the
following ranges: ≥100, 90–100, 80–90, 70–80, 60–70, 50–60, and <
50. As a reference, we defined the median %FVC value in each range at a
duration of 24 months as FVC-DiP score at 24 months (Fig. 1C). Third,
we extracted patients with %FVC data available at both of the two
consecutive disease durations (e.g., patients with %FVC data at the
duration windows of 24 and 27 months) and plotted the patient distri
bution according to their %FVC values at each duration (Fig. 1D). For
example, the FVC-DiP score for the %FVC range of 80%–90% at 27
months was calculated as the population-weighted average of FVC-DiP
score at 24 months, which was one previous disease duration window,
within patients that were categorized in the %FVC range of 80%–90% at
a duration of 27 months (Fig. 1E). FVC-DiP scores after a duration of 30
months were calculated sequentially up to 60 months, following a
similar process to that used for the calculation for 27 months. In addi
tion, FVC-DiP score at 21 months was calculated by referring to the %
FVC distribution at the standard 24 months and the calculation
continued sequentially down to 6 months, based on the next duration
window.
2.3. Utility examination of FVC-DiP and validation in an external cohort

2.1. Patient data
The PRO-ACT database was constructed in 2011 from multiple Phase
II/III clinical trials for ALS and has been continuously updated to contain
over 10,700 patient records [21]. We obtained the dataset in September
2020 via a web-based application (available at https://ncri1.partners.
org/ProACT). We included only patients that were categorized in pla
cebo groups and excluded patients without %FVC data. %FVC data that
were measured at <5 months or >62 months from onset were excluded
because of the small number of cases. Patients were allowed to have
missing values for other variables in the following analyses. Finally, 920
patients with 6317 %FVC measurements were included for analysis.
For external validation, we used our single-center cohort of Japanese
patients with ALS. This cohort dataset was constructed by retrospective
and prospective observational studies of ALS patients at Kyushu Uni
versity Hospital. A total of 92 patients who met the following three
criteria were included: 1) Patients who were diagnosed as ALS according
to the revised El Escorial criteria [23] by board-certified neurologists at
Kyushu University Hospital from January 2012 to December 2020; 2)
Patients with a record of %FVC measurement at ALS diagnosis; 3) Pa
tients with at least one follow-up visit after ALS diagnosis. We obtained
data of %FVC, age at onset and diagnosis, onset site, presence or absence
of frontotemporal dementia, grade of the revised El Escorial criteria at
diagnosis, sex, family history of ALS, score of the revised ALS Functional
Rating Scale (ALSFRS-R) [24], and use of riluzole and edaravone. This
study was approved by the Kyushu University institutional ethics review
board (approval number: 2020–104). Informed consent was obtained
via an opt-out method on our website for retrospective observational
data collection, and written informed consent was obtained from

2.4. Data management
Patient data in the PRO-ACT database and our single-center cohort
were managed using Research Electronic Data Capture (REDCap) hosted
at Kyushu University. REDCap is a secure, web-based software platform
designed to support data capture for research studies, providing: 1) an
intuitive interface for validated data capture; 2) audit trails for tracking
data manipulation and export procedures; 3) automated export pro
cedures for seamless data downloads to common statistical packages;
and 4) procedures for data integration and interoperability with external
sources [25,26].
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Fig. 1. Development of the FVC-DiP.
(A) Individual differences in patterns of %FVC decline over the course of the disease. The lines show individual data for 920 patients with ALS. (B) Longitudinal %
FVC measurements in 3-month intervals, starting at 6 months from symptom onset. The box and whisker plots show the minimum, first quartile, median, third
quartile, and maximum values. The arrow points to the lowest median %FVC, which was at 24 months. The number of patients included at each duration is shown
above the graph. (C) Median %FVC values at 24 months for each of the following ranges: ≥100, 90–100, 80–90, 70–80, 60–70, 50–60, and < 50 %FVC. These values
were taken as the FVC-DiP scores at 24 months (numbers in the box). (D) The number of patients with %FVC values within each range at 24 and 27 months (dotted
zone: stable between 24 and 27 months; white zone: deterioration at 27 months; striped zone: improvement at 27 months). (E) The procedure for calculating the FVCDiP score, shown here for the 80–90 %FVC range at 27 months. The FVC-DiP score was calculated as the population-weighted average of the FVC-DiP scores at 24
months in patients with a 80–90 %FVC at 27 months. The boxes with numbers correspond to those in (C) and (D). (F) FVC-DiP scores for all durations from symptom
onset to measurement. The numbers with a border in bold correspond to those in (C). The score with the symbol ※ corresponds to that in (E). Abbreviations: FVC,
forced vital capacity; FVC-DiP, FVC Decline Pattern scale; %FVC, percentage of predicted FVC; ALS, amyotrophic lateral sclerosis.

2.5. Statistical analysis

3. Results

Comparisons of patients’ characteristics between groups by baseline
FVC-DiP scores were performed using Pearson’s chi-square test for cat
egorical variables and Student’s t-test for continuous variables. For
analysis of survival, the log-rank test and Cox proportional hazard test
were performed. The effect of baseline FVC-DiP score on the slope of
change in ALSFRS-R and the effect of time on changes in %FVC and FVCDiP scores during disease course were analyzed using a linear mixed
effects model with duration as a fixed effect and patient as a random
effect. For analysis of the correlation between FVC-DiP score and the
Risk Profile of TRICALS, coefficients of determination were calculated
using a linear mixed effects model.
A value of p < 0.05 was considered to indicate statistical significance.
All statistical analyses were carried out using JMP Pro 16 software (SAS
Institute, Cary, NC, USA).

3.1. Development of the FVC-DiP
The characteristics of the patients who were included in the devel
opment of the FVC-DiP are summarized in Table 1. There were large
interindividual differences in the patterns of decline in %FVC, and the
rates of decrease were not constant within individual patients over time
(Fig. 1A). When longitudinal %FVC data were divided into 19 groups
according to the duration from symptom onset to measurement in 3month intervals, more than half of the %FVC measurements in each
duration were distributed between 50% and 100% (Fig. 1B). Median %
FVC values within each duration declined from 6 to 24 months and
slightly increased after 24 months. At a duration of 24 months, the
median %FVC values in each range were as follows (range of %FVC
[median]): ≥100 [106], 90–100 [93], 80–90 [85], 70–80 [74], 60–70
3
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scores over time (p = 0.3880), with a slope of − 0.02 ± 0.02 per month
(slope ± standard error; Fig. 2E). The mean FVC-DiP score was deter
mined for each patient over the observation period, and the values were
found to be similar to the baseline FVC-DiP scores. The standard devi
ation was also determined for each patient’s FVC-DiP scores, and this
was found to differ according to the baseline FVC-DiP scores (Fig. 2F).
Specifically, the variability (standard deviation) was smaller for in
dividuals with baseline FVC-DiP scores below 40 or above 100, while the
variability was somewhat larger for those with intermediate baseline
scores (particularly 60–70). These results suggest that FVC-DiP scores
reflect patterns of decline in %FVC and remain relatively constant,
within a certain range, throughout the disease course.
Next, we compared the characteristics of patients with a FVC-DiP
score ≥ 80 and those with a score < 80 at baseline in the PRO-ACT
database. The group with a FVC-DiP score < 80 were older at disease
onset and had a shorter disease duration, a higher proportion with
bulbar onset, and a lower %FVC at baseline (Table 2). There were no
significant group differences in sex, race, or body mass index at baseline.
ALSFRS-R scores at baseline did not differ between the two groups, but
there was a significantly greater decrease in the ALSFRS-R scores over
time in the group with FVC-DiP scores <80. The survival time from
baseline was significantly shorter in patients with a FVC-DiP score < 80
compared with those with a score ≥ 80. Because a low %FVC is known to
be associated with a high risk of death, we extracted patients with a %
FVC ≥80 at baseline to assess the survival times for groups with different
FVC-DiP scores. The analyses revealed that the survival times from
baseline were significantly shorter in patients with a FVC-DiP score < 80
compared with those with a FVC-DiP score ≥ 80 (Fig. 2G). Cox pro
portional hazards analysis in patients with a %FVC ≥80 at baseline
revealed that the %FVC at baseline and bulbar onset were not associated
with the risk of death. However, older age at onset and low FVC-DiP
scores at baseline significantly increased the risk of death, as seen in
both univariate and multivariate analyses (Table 3). When the analyses
were restricted to patients over 60 years old with a %FVC ≥80 at
baseline, bulbar onset, age at onset, and %FVC at baseline were not
associated with the risk of death, but a low FVC-DiP score at baseline
significantly increased the risk of death (hazard ratio for death per 10point decline in FVC-DiP score: 1.19; 95% confidence interval:
1.02–1.39; p = 0.0282; n = 109).
Finally, we examined whether the association between FVC-DiP
scores and the survival prognosis was comparable between patients
with limb-onset and bulbar-onset ALS. Although survival times from
baseline were shorter in patients with bulbar-onset ALS (Fig. S2A), the
FVC-DiP scores at baseline related to the rate of disease progression,
irrespective of the onset pattern (Fig. S2B).

Table 1
Baseline characteristics in the PRO-ACT database.
Variable

Patients (n = 920)

Age at onset, years, mean (SD)
Age at baseline, years, mean (SD)
Men, n (%)
Racial group, White, n (%)
Disease duration from symptom onset, months, mean (SD)
Bulbar onset, n (%)
%FVC, %, mean (SD)
ALSFRS-R score, mean (SD)
BMI, kg/m2, mean (SD)
Use of riluzole, n (%)a

52.3 (12.4)
54.2 (12.2)
573 (62.2)
854 (92.8)
21.1 (11.6)
195 (21.2)
83.0 (20.8)
37.8 (5.2)
26.3 (5.1)
409 (72.0)

Abbreviations: ALS, amyotrophic lateral sclerosis; PRO-ACT, Pooled Resource
Open-Access ALS Clinical Trials Cohort; %FVC, percentage of predicted forced
vital capacity; ALSFRS-R, revised ALS Functional Rating Scale; BMI, body mass
index; SD, standard deviation.
a
Calculated for patients with data concerning the use or non-use of riluzole (n
= 568).

[64], 50–60 [55], and <50 [35] (Fig. 1C). These values were taken as the
FVC-DiP scores at 24 months and used as standard values. We derived
FVC-DiP scores at all durations from 6 to 60 months by sequential
comparison of the patient distribution with adjacent durations
(Fig. 1D–F). The resulting FVC-DiP scores did not differ between adja
cent cells in a consistent manner in either the vertical or horizontal di
rections (Fig. 1F). However, within the same disease duration, FVC-DiP
scores decreased as the %FVC dropped, whereas, within the same range
of %FVC, FVC-DiP scores increased as the disease duration became
longer. To maintain these gradations, we added to or subtracted from
the derived scores at 10 cells, with changes ranging from − 3 to +2; the
number of patients within these cells ranged from 5 to 29. In two other
cells where no patients were located, we complemented scores to
maintain the gradation described above. Each patient’s FVC-DiP score at
a certain point was determined by a single measurement of the %FVC
and disease duration at assessment. For example, for an individual with
a %FVC value of 85 at 12 months from symptom onset, the FVC-DiP
score would be 55 (Fig. 1F). FVC-DiP scores were lower than the
actual %FVC for durations of <24 months, and FVC-DiP scores were
higher than the actual %FVC for durations longer than 24 months.
3.2. Utility of FVC-DiP
Baseline %FVC values for 907 patients in the PRO-ACT database,
with baseline disease durations ranging from 5 to 62 months, were
converted into FVC-DiP scores. The resulting FVC-DiP scores were
widely distributed, even with equivalent values of %FVC (Fig. 2A).
When the patients were divided into groups according to the baseline
FVC-DiP scores, it was found that the scores related to the survival time
from symptom onset, with lower scores being associated with a shorter
survival time (Fig. 2B). The rates of %FVC decline at baseline were also
related to the survival time (Fig. 2C), but the baseline FVC-DiP scores
more successfully separated patients into groups with incrementally
longer survival. This difference between these baseline measures (rate of
%FVC decline and FVC-DiP score) was especially apparent for patients
with lower rate of %FVC decline, as also shown by the discordancy in
patient distribution (Fig. S1).
To determine whether the FVC-DiP scores reflected the individual
patterns of decline in %FVC, irrespective of the measurement timing, we
investigated changes in %FVC and FVC-DiP scores throughout the
follow-up period using a series of longitudinal measurements. We
included 5403 follow-up %FVC data points from 864 patients, and the
raw data were successfully converted into FVC-DiP scores. The median
follow-up period for these patients was 8.9 months (range: 0.1–45.2
months). A significant decline in %FVC was observed over time (p <
0.0001), with a slope of − 2.08 ± 0.03 per month (slope ± standard
error; Fig. 2D). However, there was no significant change in the FVC-DiP

3.3. Application to our ALS cohort
To validate the usability of the FVC-DiP, we applied it to our singlecenter cohort of 92 patients with ALS. The median follow-up period was
12.8 months (range: 0.4–105 months) and the demographic features are
summarized in Table 4. Our cohort had an older mean age of onset than
in the PRO-ACT database (mean years ± SD: 64.9 ± 11.4 vs 52.3 ± 12.4;
p < 0.0001). In addition, our cohort exhibited a higher proportion of
cases with a bulbar onset than in the PRO-ACT database (38% vs. 21.1%,
respectively; p = 0.0002). A total of 155 %FVC data points from 92
patients were converted into FVC-DiP scores (Fig. 3A).
We investigated changes in %FVC and FVC-DiP scores during the
disease course using 61 follow-up %FVC data points from 53 patients
who had the longitudinal data that were needed to obtain the changes in
both parameters. A significant decline in %FVC was observed over time
from diagnosis (p < 0.0001), with a slope of − 1.52 ± 0.21 per month
(Fig. 3B). However, no significant change in the FVC-DiP score was
detected over time from diagnosis (p = 0.3322; Fig. 3C), in line with the
PRO-ACT database finding that the FVC-DiP scores were relatively sta
ble in individuals, irrespective of the measurement timing, and reflected
4
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Fig. 2. Associations between the FVC-DiP scores, %FVC, and disease durations in the PRO-ACT database.
(A) Scatter plot of the %FVC at baseline and the FVC-DiP score (n = 907). Equivalent values of %FVC and FVC-DiP are shown as a gray line. (B) Survival rates from
symptom onset for patient groups with different FVC-DiP baseline scores. Patients with lower FVC-DiP scores had significantly shorter survival. (C) Survival rates
from symptom onset for patient groups with different rates of %FVC decline at baseline. The rate of %FVC decline at baseline was obtained by subtracting the %FVC
at baseline from 100, and then dividing this value by the number of months from symptom onset. In patients with lower rates of %FVC decline, they were not well
separated into groups with incrementally longer survival. (D) Changes in %FVC over time from baseline. The light gray lines show data for individual patients (n =
864). The dark gray line shows the slope of the linear mixed effects model for change in %FVC, with a fixed effect of duration from baseline and a random effect of
patients (slope ± standard error: − 2.08 ± 0.03). The decline in %FVC over time was statistically significant (p < 0.0001). (E) Changes in FVC-DiP scores over time
from baseline. The light gray lines show data for individual patients (n = 864). The dark gray line shows the slope of the linear mixed effects model for change in FVCDiP socre, with a fixed effect of duration from baseline and a random effect of patients (slope ± standard error: − 0.02 ± 0.02). There was no significant change in the
FVC-DiP scores over time (p = 0.3880). (F) Variability in FVC-DiP scores for each individual against the FVC-DiP scores at baseline. Each line represents the mean
(thick horizontal line) and standard deviation (thin vertical line) of each individual’s FVC-DiP scores over the observation period. The mean FVC-DiP scores for
individual patients reflected their baseline FVC-DiP scores, and the variability (standard deviation) differed according to the baseline FVC-DiP scores. (G) Survival
rates over time for patients with a %FVC ≥80 at baseline. A subgroup of patients with a FVC-DiP score < 80 at baseline had significantly shorter survival (median:
18.4 months; 95% confidence interval: 16.8–20.8; n = 229) than patients with a FVC-DiP score ≥ 80 at baseline (median: 24.3 months; 95% confidence interval:
20.9–29.9; n = 295; log-rank p = 0.0004). Abbreviations: FVC, forced vital capacity; FVC-DiP, FVC Decline Pattern scale; %FVC, percentage of predicted FVC; ALS,
amyotrophic lateral sclerosis; PRO-ACT, Pooled Resource Open-Access ALS Clinical Trials Cohort.

patterns of %FVC decline.
Next, patient characteristics were compared between the groups
with a FVC-DiP score ≥ 80 or < 80 at diagnosis (Table 5). The group of
patients with a score < 80 exhibited a shorter disease duration from
symptom onset, a higher proportion of bulbar onset ALS, and a lower %
FVC at diagnosis than the group of patients with a FVC-DiP score ≥ 80.
No other significant differences were observed between the two groups
in terms of their characteristics at diagnosis, including the ALSFRS-R
scores. During the follow-up period (which was shorter in the group

with a FVC-DiP score < 80), although the change in ALSFRS-R scores
was similar in the two groups, the ventilator-free survival time from
diagnosis was significantly shorter in the group with FVC-DiP scores
<80. A Cox proportional hazards analysis restricted to patients with a
baseline %FVC ≥80 revealed that lower FVC-DiP scores at baseline
significantly increased the risk of death or use of ventilation (hazard
ratio for death per 10-point FVC-DiP score decline: 1.36; 95% confi
dence interval: 1.09–1.72; p = 0.0075; n = 62). In contrast, the age at
onset, bulbar onset, and %FVC at baseline were not associated with the
5
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Table 2
Patient characteristics in the PRO-ACT database according to the FVC-DiP score
at baseline.
Variable

FVC-DiP score at baseline

Table 4
Baseline characteristics of our cohort.

p value

≥80 (n =
354)

<80 (n =
553)

Age at onset, years, mean (SD)

49.2 (13.2)

54.4 (11.4)

Age at baseline, years, mean (SD)

51.8 (13.1)

55.7 (11.4)

Men, n (%)
Racial group, White, n (%)
Disease duration from symptom
onset to baseline, months, mean
(SD)

228 (64.2)
332 (93.5)

335 (60.6)
509 (92.2)

30.0 (11.6)

15.8 (7.3)

<
0.0001

Bulbar onset, n (%)

36 (10.1)

156 (28.2)

%FVC at baseline, %, mean (SD)

95.0 (18.2)

75.0 (18.5)

<
0.0001
<
0.0001

37.6 (4.8)

37.8 (5.5)

0.7071

26.7 (5.4)
152 (68.5)

26.0 (4.9)
250 (74.4)

0.0615
0.1262

12.5 (8.2)

11.8 (7.3)

0.1554

− 0.51 (0.01)

− 0.95 (0.01)

23.9
(19.0–28.8)

15.6
(14.1–16.7)

<
0.0001
<
0.0001

Baseline

ALSFRS-R score at baseline, mean
(SD)
BMI at baseline, kg/m2, mean (SD)
Use of riluzole, n (%)a
Follow-up
Follow-up period, months, mean
(SD)
Change in ALSFRS-R score from
baseline, per month, mean (SE)
Survival time, months from baseline,
median (95% CI)

<
0.0001
<
0.0001
0.2464
0.4101

HR (95% CI)
Age at baseline (per 5year increase)
Bulbar onset
%FVC at baseline (per
10% decline)
FVC-DiP score at baseline
(per 10-point decline)

1.18
(1.08–1.30)
1.11
(0.73–1.69)
1.10
(0.97–1.27)
1.21
(1.12–1.32)

HR (95% CI)

p value

0.0005

1.19
(1.08–1.31)

0.0005

0.6285

–

–

0.1619

–

–

<
0.0001

1.13
(1.02–1.24)

0.0141

64.9 (11.4)
66.4 (11.3)
42 (45.6)
17.7 (11.6)
38 (41.3)
5 (5.4)
35 (38.0)
6 (6.5)
87.2 (26.8)
39 (6.3)
− 4.89 (1.64)

In the current study, we developed the FVC-DiP, a novel quantitative
scale that reflects the diverse patterns of decline in %FVC over the
course of ALS. FVC-DiP scores in individuals were determined from a
single measurement of %FVC and disease duration at assessment. The
baseline FVC-DiP scores separated patients into groups with incremen
tally longer survival more clearly than the rate of %FVC decline at
baseline. Although a significant decline in %FVC was observed over
time, the FVC-DiP scores remained relatively stable, within a certain
range, over the observation period. Lower FVC-DiP scores at baseline
were associated with faster disease progression in both patients with
limb-onset and bulbar-onset ALS. These results suggest that FVC-DiP
scores reflect each individual’s pattern of %FVC decline, in contrast to
the changes seen at a population level. The FVC-DiP is therefore a
suitable candidate for indicating disease progression rates in ALS
(Fig. 4A and B).
To derive FVC-DiP scores, we used longitudinal %FVC measurements
from the PRO-ACT database. Median %FVC values were determined for
a series of 3-month intervals and were found to be lowest at 24 months.
This indicates that earlier time periods mainly included data for patients
with rapid disease progression, who would have died or drastically
deteriorated by 24 months, while data for patients with relatively slow
disease progression would have been included after 24 months. We used
the values at 24 months as the standard, and sequentially compared data
at adjacent 3-month intervals. The FVC-DiP scores were lower than the
actual %FVC at durations of <24 months, while the FVC-DiP scores were
higher than the actual %FVC at durations longer than 24 months. By
determining both the FVC-DiP score and the %FVC for patients at a
particular point in time, it may therefore be easier to evaluate the dis
ease severity; for example, a FVC-DiP score lower than the actual %FVC
may indicate rapid disease progression, while a FVC-DiP score higher
than the actual %FVC may indicate slow disease progression. As dif
ferences in FVC-DiP scores between adjacent cells were variable and the
change in FVC-DiP scores between two timepoints differed even when
there were similar slopes of %FVC decline, the FVC-DiP score can be
seen to represent a new measure for determining the rate of disease
progression based on the %FVC.
We used our Japanese cohort for external validation of the FVC-DiP.
These patients had an older mean age of onset and a higher proportion of
cases with bulbar-onset ALS compared with the patients in the PRO-ACT
database. Nonetheless, the association between the FVC-DiP score and
the survival prognosis was replicated in our cohort, as was the FVC-DiP’s
stability over the course of the disease. Recently, TRICALS proposed the
Risk Profile to select patients in clinical trials, based on the survival
prediction model developed by the European Network to Cure ALS

Multivariate
p value

Age at onset, years, mean (SD)
Age at diagnosis, years, mean (SD)
Men, n (%)
Disease duration from symptom onset to diagnosis, months, mean
(SD)
Revised El Escorial criteria at diagnosis, definite or probable, n
(%)
Family history of ALS, n (%)
Bulbar onset, n (%)
Frontotemporal dementia at diagnosis, n (%)
%FVC at diagnosis, %, mean (SD)
ALSFRS-R score at diagnosis, mean (SD)
TRICALS Risk Profile at diagnosis, mean (SD)

4. Discussion

Table 3
Risk of death assessed using Cox proportional hazards analyses in patients with a
%FVC ≥80 at baseline in the PRO-ACT database (n = 524).
Univariate

Patients (n =
92)

Abbreviations: ALS, amyotrophic lateral sclerosis; %FVC, percentage of pre
dicted forced vital capacity; ALSFRS-R, revised ALS Functional Rating Scale;
TRICALS, Treatment Research Initiative to Cure ALS; SD, standard deviation.

Abbreviations: ALS, amyotrophic lateral sclerosis; PRO-ACT, Pooled Resource
Open-Access ALS Clinical Trials Cohort; FVC, forced vital capacity; FVC-DiP,
FVC Decline Pattern scale; %FVC, percentage of predicted FVC; ALSFRS-R,
revised ALS Functional Rating Scale; BMI, body mass index; SD, standard de
viation; SE, standard error; CI, confidence interval.
a
Calculated for patients with data concerning the use or non-use of riluzole (n
= 558).

Variable

Variable

Abbreviations: ALS, amyotrophic lateral sclerosis; PRO-ACT, Pooled Resource
Open-Access ALS Clinical Trials Cohort; FVC, forced vital capacity; %FVC,
percentage of predicted FVC; FVC-DiP, FVC Decline Pattern scale; HR, hazard
ratio; CI, confidence interval.

risk of death or use of ventilation.
Finally, we examined the association between the FVC-DiP and the
TRICALS Risk Profile, a previously-developed prognostic summary
measure based on a well-validated prognostic model. At diagnosis, the
TRICALS Risk Profile was significantly higher in the group with FVC-DiP
scores <80, indicating faster predicted progression compared with the
group with FVC-DiP scores ≥80 (Table 5). A significant correlation was
observed between the FVC-DiP scores and the TRICALS Risk Profile,
using all of the follow-up data (n = 155, r2 = 0.904, p < 0.0001, Fig. 3D).
A strong correlation was still observed when the analysis only included
the data at diagnosis (n = 92, r2 = 0.648, p < 0.0001).
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Fig. 3. Application of FVC-DiP to our cohort.
(A) Scatterplot of the %FVC and FVC-DiP scores (155 measurements from 92 patients). The gray line shows equivalent %FVC and FVC-DiP values. (B) Scatterplot of
the changes in %FVC and length of time from the baseline (61 measurements from 53 patients). The gray line shows the slope of the linear mixed effects model for
change in %FVC, with a fixed effect of duration from baseline and a random effect of patients (slope ± standard error: − 1.52 ± 0.21). A significant decline in %FVC
was observed over time from the baseline (p < 0.0001). (C) Scatterplot of the changes in FVC-DiP scores and length of time from the baseline (61 measurements from
53 patients). The gray line shows the slope of the linear mixed effects model for the change in FVC-DiP score, with a fixed effect of duration from baseline and a
random effect of patients (slope ± standard error: − 0.15 ± 0.15). There was no significant change in the FVC-DiP scores over time from the baseline (p = 0.3322).
(D) Scatterplot showing the strong correlation between the FVC-DiP scores and TRICALS Risk Profile scores. The gray line shows the slope of the linear mixed effects
model for the TRICALS Risk Profile, with a fixed effect of FVC-DiP score and a random effect of patients (155 measurements from 92 patients, r2 = 0.904, p < 0.0001).
Abbreviations: FVC, forced vital capacity; FVC-DiP, FVC Decline Pattern scale; %FVC, percentage of predicted FVC; ALS, amyotrophic lateral sclerosis; TRICALS,
Treatment Research Initiative to Cure ALS.
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complicated to use in clinical practice. Furthermore, most prognostic
models include invariant factors, such as the onset age or site of onset,
and are considered to be useful for predicting the prognosis in the early
stages of the disease rather than at follow-up. The FVC-DiP score in the
current study is determined using a single measurement of %FVC and
can be adopted throughout the disease course, thus providing benefits
for clinical practice. In the future, its use may enable the evaluation of
treatments that slow down disease progression; this is currently difficult
using other measures, such as the %FVC, which vary over time (Fig. 4C
and D).
Indicators of the disease progression rate are important from the
perspective of drug development. Guidelines for drug development and
clinical trials describe enrichment strategies, such as the enrollment of
certain patients, which is expected to increase the likelihood of
demonstrating a drug effect, and encourage the development of new
outcome measures capable of assessing clinically meaningful effects
[30–32]. In a phase 3 trial of edaravone, patients were only included
who fulfilled strict criteria including the disease progression rate,
defined by a range of decline in ALSFRS-R scores during the preobservational period. A significantly smaller decline in ALSFRS-R
scores was demonstrated in the edaravone group compared with the
placebo group [33]. In a phase 2 trial of reldesemtiv, post hoc analyses
revealed that the decline in ALSFRS-R scores was significantly reduced
in patients in the fastest progressing tertile (decline in ALSFRS-R scores
>0.67 per month), but not in patients in the slowest tertile (decline in
ALSFRS-R scores ≤0.37 per month) [34]. These findings suggest that the
power to detect an effect on disease progression increased by targeting
patients who exhibited a certain progression rate (i.e., cases with rapid
disease progression). The FVC-DiP could be of benefit for determining
eligibility for inclusion in clinical trials because the disease progression
rate can be evaluated in a single visit. In addition, the FVC-DiP score
could be used to enable the detection of clinically meaningful changes in
the rate of disease progression that are not apparent using the slope of %
FVC decline. In this way, the FVC-DiP could be used as an outcome
measure to evaluate changes in the disease progression rate (i.e., as a
surrogate endpoint for survival). It could also be used as a randomiza
tion stratification factor for trials with a broader target population (i.e.,
where patients are not preselected according to the disease progression
rate). Furthermore, the FVC-DiP could be used in both clinical trials and
clinical practice, which may be helpful for the generalizability of trial
results.
The current study has several limitations. First, we were not able to
calculate FVC-DiP scores for a duration from symptom onset of 5 months
or >61 months, because the sample size in those ranges was too small. In
general, the typical time from symptom onset to diagnosis is 10–16
months, and patients diagnosed within <5 months are considered to be
rare [35]. However, new diagnostic criteria were recently proposed,
which show high diagnostic sensitivity [36,37]. If the diagnostic delay is
shortened using these new criteria, the average pattern of %FVC decline,
particularly in the early stages, may need to be re-evaluated. Second, our
method was not able to derive the gradation of scores for a %FVC ≥100
from 24 to 60 months or < 50 from 6 to 24 months. In addition, we
corrected scores in some cells to maintain the gradation of FVC-DiP
scores, and we complemented scores for two cells because of a lack of
patients with available data. Examining a larger cohort, particularly if
patients with a longer disease duration were included, might enable
modification of these cells. Third, there was a potential selection bias
because the PRO-ACT database consisted of patients who fulfilled the
selection criteria for clinical trials, including age limits. The mean age of
patients in the PRO-ACT database was slightly lower than in some other
large ALS cohorts [9,38–41]. In addition, most of the patients in the
PRO-ACT database were White. Some genetic differences across racial
groups have been reported, such as the frequency of the C9orf72 repeat
expansion, which is a genetic predictor of short survival and is the most
common mutation in White ALS patients for both familial and sporadic
ALS, but is rare in Asian ALS patients [2,41–43]. Comparison with FVC-

Table 5
Patient characteristics in our cohort according to the FVC-DiP score at diagnosis.
Variable

FVC-DiP score at diagnosis
≥80 (n
= 26)

At diagnosis
Age at onset, years, mean (SD)
Age at diagnosis, years, mean (SD)
Men, n (%)
Disease duration from symptom onset,
months, mean (SD)
Revised El Escorial criteria at diagnosis,
definite or probable, n (%)
Family history of ALS, n (%)
Bulbar onset, n (%)
Frontotemporal dementia, n (%)
%FVC at diagnosis, mean (SD)
ALSFRS-R score at diagnosis, mean (SD)
TRICALS Risk Profile at diagnosis, mean
(SD)
Follow-up
Follow-up period, months, mean (SD)
Use of riluzole, n (%)
Use of edaravone, n (%)
Change in ALSFRS-R score from
diagnosis, per month, mean (SE)a
Time to death or use of ventilation from
diagnosis, months, 25th percentile /
median (95% CI)

62.0
(10.1)
64.5
(10.0)
13
(50.0)
30.2
(12.7)

p value

<80 (n = 66)

66.1 (11.8)

0.1261

67.2 (11.8)

0.3152

29 (43.9)

0.5992

12.8 (6.3)

<
0.0001

8 (30.8)

30 (45.4)

0.1977

2 (7.7)
5 (19.2)
2 (7.7)
102.0
(18.7)
39.7
(5.2)
− 6.67
(1.11)

3 (4.5)
30 (45.5)
4 (6.1)

0.5488
0.0197
0.7753

81.4 (27.4)

0.0007

39.2 (6.7)

0.7361

− 4.19 (1.22)

<
0.0001

14.0 (13.3)

0.0006

35 (53.0)

0.1568

11 (16.7)

0.2642

− 0.53 (0.10)

0.5643

4.3/17.5
(10.1–24.5)

0.0006

29.3
(28.1)
18
(69.2)
7 (26.9)
− 0.49
(0.08)
28.3/NA

Abbreviations: FVC, forced vital capacity; FVC-DiP, FVC Decline Pattern scale; %
FVC, percentage of predicted FVC; ALS, amyotrophic lateral sclerosis; ALSFRS-R,
revised ALS Functional Rating Scale; TRICALS, Treatment Research Initiative to
Cure ALS; SD, standard deviation; SE, standard error; CI, confidence interval;
NA, not available.
a
n = 15 for the group with a FVC-DiP score ≥ 80, and n = 36 for the group
with a FVC-DiP score < 80.

[9,22]. The Risk Profile indicates a predicted progression rate without
estimating the absolute survival time or probability, with higher values
indicating faster disease progression. In our cohort, the FVC-DiP was
strongly correlated with the TRICALS Risk Profile, and low FVC-DiP
scores were associated with high TRICALS Risk Profile values. These
findings suggest that the FVC-DiP can be used to assess the rate of dis
ease progression with a comparable level of accuracy to the TRICALS
Risk Profile, but with fewer parameters.
Most of the current ALS disease indicators or staging systems focus
on the patient’s functional state at the time of assessment [4,27,28]. The
ALSFRS-R assesses the degree of disability for 12 different items that
relate to bulbar, limb, and respiratory function symptoms; the measure
is a common functional indicator that is used in addition to the FVC
[24]. Rates of decline in the %FVC and ALSFRS-R have been found to
independently predict survival in patients with ALS [19], but longitu
dinal observation is required to obtain these rates. It has been reported
that the ALSFRS-R score at diagnosis and the %FVC at the initial visit can
also predict disease progression [20,29]. However, in the current study,
we showed that the disease duration considerably affects how well the %
FVC values can determine the disease progression. Here, we developed a
new method to determine the disease progression rate using a single
measurement of functional indicators, irrespective of the measurement
timing. Previously, prognostic models have been developed that assess
the rate of disease progression in individual patients. However, these
models often require multiple parameters, and can be somewhat
8
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Fig. 4. Illustration of the characteristics and expected utility of the FVC-DiP.
(A) Illustration of the large individual differences in patterns of %FVC decline over the course of the disease. (B) Illustration showing that the FVC-DiP scores indicate
the rate of disease progression and remain relatively stable, within a certain range of variability, over the course of the disease in each patient. (C) Illustration
showing that the %FVC can still decline, even if a treatment ameliorates the rate of disease progression, thus making it difficult to detect a treatment effect. (D) Plot
showing that the FVC-DiP score will increase beyond the usual range of variability if a treatment ameliorates the disease progression rate, even if the %FVC declines.
Abbreviations: FVC, forced vital capacity; FVC-DiP, FVC Decline Pattern scale; %FVC, percentage of predicted FVC.

DiP values derived from other cohorts may reveal factors that require
adjustment in the future. Fourth, there was no significant difference
between the change in ALSFRS-R scores for patients with a baseline FVCDiP score ≥ 80 and those with a score < 80 in our cohort. This may have
been caused by insufficient statistical power, because there were <65
participants with ALSFRS-R scores in our cohort, which was the esti
mated sample size required to detect such differences with 80% statis
tical power. Alternatively, as the group with a FVC-DiP score < 80 had a
significantly shorter time to death or ventilation than the group with a
score ≥ 80, the FVC-DiP could potentially be capable of detecting dif
ferences in the rate of disease progression that cannot be detected by
changes in the ALSFRS-R scores. Finally, the variability in FVC-DiP
scores over the observation period was particularly large for patients
with baseline FVC-DiP scores between 60 and 70. This could be due to
the large differences in scores for cells adjacent to those with FVC-DiP
scores between 60 and 70 (Fig. 1F). The difference in FVC-DiP score
variability should be taken into account when defining meaningful
changes in the FVC-DiP scores for monitoring treatment effects. In the
future, it may be possible to reduce the variability in FVC-DiP scores by
narrowing the disease duration ranges and %FVC divisions used for
deriving the FVC-DiP scores.

Future investigation of the relationship between the FVC-DiP and other
surrogate endpoints or biomarkers could determine the FVC-DiP’s reli
ability as a tool for monitoring treatment effects.

5. Conclusions
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We propose that the FVC-DiP provides a novel quantitative indicator
for the disease progression rate in ALS. This indicator is derived from the
diverse patterns of %FVC decline in a large pooled cohort of ALS pa
tients. We were able to determine each individual’s FVC-DiP score from
a single measurement of %FVC and disease duration at assessment. This
provided a rapid and convenient evaluation of a patient’s progression
pattern, which is otherwise difficult to achieve using %FVC values alone.
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