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Summary
Background Oral tauroursodeoxycholic acid (TUDCA) is a commercial drug currently tested in patients with amyo-
trophic lateral sclerosis (ALS) both singly and combined with sodium phenylbutyrate. This retrospective study aimed
to investigate, in a real-world setting, whether TUDCA had an impact on the overall survival of patients with ALS who
were treated with this drug compared to those patients who received standard care only.

Methods This propensity score–matched study was conducted in the Emilia Romagna Region (Italy), which has had
an ALS regional registry since 2009. Out of 627 patients with ALS diagnosed from January 1st, 2015 to June 30th,
2021 and recorded in the registry with available information on death/tracheostomy, 86 patients took TUDCA and
were matched in a 1:2 ratio with patients who received only usual care according to age at onset, sex, phenotype,
diagnostic latency, ALS Functional Rating Scale-Revised (ALSFRS-R) at first visit, disease progression rate at first
visit, and BMI at diagnosis. The primary outcome was survival difference (time from onset of symptoms to
tracheostomy/death) between TUDCA exposed and unexposed patients.

Findings A total of 86 patients treated with TUDCA were matched to 172 patients who did not receive treatment.
TUDCA-exposed patients were stratified based on dosage (less than or equal to 1000 mg/day or greater) and duration
(less than or equal to 12 months or longer) of treatment. The median overall survival was 49.6 months (95% CI
41.7–93.5) among those treated with TUDCA and 36.2 months (95% CI 32.7–41.6) in the control group, with a
reduced risk of death observed in patients exposed to a higher dosage (defined as ≥ 1000 mg/day) of TUDCA
(HR 0.56; 95% CI 0.38–0.83; p = 0.0042) compared to both the control group and those with lower TUDCA
dosages (defined as < 1000 mg/day). TUDCA was generally well-tolerated, except for a minority of patients (n = 7,
8.1%) who discontinued treatment due to side effects, primarily gastrointestinal and mild in severity; only 2
adverse events required hospital access but resolved without sequelae.
*Corresponding author. Department of Biomedical, Metabolic and Neural Sciences, University of Modena and Reggio Emilia, Via Pietro Giardini n.
1355, 41100, Modena, Italy.
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Translation For the Italian translation of the Summary, see the Supplementary Materials section.
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Interpretation In this population-based exploratory study, patients with ALS who were treated with TUDCA may have
prolonged survival compared to patients receiving standard care only. Additional prospective randomized studies are
needed to confirm the efficacy and safety of this drug.

Funding Emilia-Romagna Region.

Copyright © 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
To investigate tauroursodeoxycholic acid (TUDCA) effects in
Amyotrophic Lateral Sclerosis (ALS) we conducted a non-
systematic search in Pubmed including all studies published in
English from Jan 1, 2017, to Jan 1, 2023, using the search
terms “TUDCA” or “tauroursodeoxycholic” AND “amyotrophic
lateral sclerosis” or “ALS”. Current evidence points to a
protective effect of TUDCA in ALS, alone or combined with
phenylbutyrate (PB) at dosages of 2000 mg/daily, in slowing
disease progression and prolonging survival in post-hoc
analysis of two phase II clinical trials. Phase III randomized
clinical trials testing TUDCA and PB-TUDCA are currently
ongoing, while in several countries PB-TUDCA received
conditional approval for ALS treatment. TUDCA has been
authorized as a medicinal product and is commercially
available in food supplements; Therefore, it may be provided
off-label upon evaluation by the rare disease technical group,
in Emilia Romagna Region (Italy), where a regional registry
prospectively collects clinical information of newly diagnosed
ALS subjects since 2009.

Added value of this study
Observational studies provide real-world data (RWD) which
could be helpful to fully understand the effects of the

therapeutics in such rare diseases as ALS. With this propensity
score-matched study, we analyzed TUDCA effects in terms of
overall survival and safety in the general ALS population of
Emilia Romagna Region, where ALS patients who were
excluded from randomized clinical trials could be prescribed
TUDCA since 2015 following approval from the regional rare
disease technical group. Treatment with TUDCA at higher
doses (more or equal to 1000 mg daily) resulted in prolonged
survival compared to propensity score-matched non-TUDCA
controls and patients assuming TUDCA at dosages inferior to
1000 mg daily. A minority of patients (n = 7, 8.1%) presented
side effects, mainly involving the gastrointestinal tract and
mild in severity, leading to treatment discontinuation; upon
TUDCA withdrawal side effects vanished without leaving
permanent sequelae.

Implications of all the available evidence
In the wider context of a regional ALS population, TUDCA is
generally safe and well-tolerated and may have a beneficial
effect in a fatal disease such as ALS by prolonging survival.
These findings are not definitive and require additional
supportive evidence by prospective randomized trials and
larger worldwide post-marketing population studies.
Introduction
Tauroursodeoxycholic acid (TUDCA) is an endoge-
nously produced bile acid salt resulting from the
conjugation of taurine to ursodeoxycholic acid. Apart
from its primary use in the treatment of gallstones or
primary cholestatic disease, there is a growing body of
evidence, from in vitro and animal models, pointing to
multiple mechanisms of neuroprotection in neurode-
generative diseases, including Amyotrophic Lateral
Sclerosis (ALS). These mechanisms include the stabili-
zation of mitochondrial membranes, enhancement of
oxidative defenses, mitigation of endoplasmic reticulum
stress, and modulation of the immune response, all of
which may all contribute to TUDCA’s cytoprotective and
anti-apoptotic effects.1 A preliminary trial published in
2015 explored the safety and efficacy of TUDCA for
ALS,2 where the primary outcome of the study (an
improvement of at least 15% in the ALS Functional
Rating Scale-Revised, ALSFRS-r, slope during the
treatment period compared to the lead–in phase) was
achieved.2 Since ALS is an incurable disease, the
regional health care system of the Emilia Romagna
Region (ERR) in Italy may support, following approval
from the regional rare diseases technical group, the off-
label use of approved treatments that show promising
evidence from early clinical studies. In this context,
since 2015, TUDCA has been prescribed by specialized
ALS centers operating in ERR, that participate in ERR
ALS register (ERRALS).3

We aimed to investigate, in a real-world setting
through our ALS regional registry,3,4 whether taur-
oursodeoxycholic acid influences survival in the ALS
www.thelancet.com Vol 65 November, 2023
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population. Propensity score (PS) methods were ado-
pted to correct for possible confounders that, in obser-
vational cohort studies, might impact on the outcome of
interest,5 as in our case, survival.
Methods
Study design and setting
This is a retrospective, observational, propensity score-
matched cohort study comparing patients with ALS
treated with TUDCA with patients not exposed. The
study was performed in ERR, where a prospective reg-
istry (ERRALS) has been active since 2009,3 collecting all
incident ALS cases among residents, diagnosed accor-
ding to Revised El Escorial Criteria (EEC-R).6

An electronic database is accessible only to the in-
vestigators of ERR Neurological Departments, where
study referents upload a detailed phenotypic profile of
new ALS cases. At diagnosis clinicians record baseline
visits; follow-up is performed until death, collecting in-
formation regarding forced vital capacity (FVC),
ALSFRS-R,7 drugs intake and discontinuation, riluzole
and TUDCA assumption,8 supporting procedures,9 and
cause, place and time of death.

In addition to demographic and clinical variables, for
this study we extracted from ERRALS a detailed phar-
macological history for TUDCA exposure, considering
the maximum dosage, duration of treatment, and clin-
ical variables at the time of TUDCA administration.
Reasons for TUDCA discontinuation or dosage reduc-
tion were registered too. Data extraction for the last
follow-up visit or death date was performed on 1st
February 2022. The study was approved by the ethical
committees of the coordinating centre and of ERR
provinces (Comitato Etico Provinciale di Modena,
number 124/08, 2 September 2008). Patients enrolled in
ERRALS signed written informed consent. Neither cli-
nicians nor patients received or were offered any com-
pensation for the study. This study followed STROBE
reporting guidelines.

Study population
The study included all patients diagnosed with ALS
from 1st January 2015 to 30th June 2021 recorded in
ERRALS registry. The last date of follow-up was fixed on
1st February 2022. The start date for survival analysis
was the date of disease onset. After the first visit, follow-
up visits were recorded approximately every three
months or based on patients’ needs, according to clin-
ical practice for ALS.10

Patients were treated in the frame of regular ALS
multidisciplinary clinical practice, and therapeutic de-
cisions and medical care during the treatment were
carried out by the treating physicians and were not
defined by a specific protocol. Patients may or may not
have received treatment with riluzole. TUDCA
www.thelancet.com Vol 65 November, 2023
treatment was offered to patients with ALS not partici-
pating in other experimental trials at the time of the
regular follow-up visits based on individual MND centre
experience. Patients may or may not have continued
TUDCA oral treatment until tracheotomy/death or
censoring.

Outcome measures
Safety analysis was performed on all TUDCA-exposed
patients by recording reasons for discontinuation and
possible side effects related to drug administration,
hospitalizations, or excess mortality in TUDCA-treated
patients. Cases receiving at least three consecutive
months of daily TUDCA were included in propensity
score matching (PSM) and effectiveness analysis; the
matched control cohort was screened among non
TUDCA-exposed patients registered in ERRALS during
the same period as patients receiving TUDCA. The
probability of receiving treatment with TUDCA was not
influenced by economic or procedure-related variables,
because the drug is covered by the ERR health system.
Therefore, we estimated through stepwise logistic
regression which clinical variables, also with a prog-
nostic value, differed between treated and untreated
patients: significant entering/excluding levels for vari-
ables were both set at 0.1. Based on these results, PSM
was performed to reduce the bias due to confounding
clinical variables by comparing outcomes among pa-
tients treated with or without TUDCA.5

The final model included sex, age at onset of ALS,
diagnostic latency (disease duration from onset to
diagnosis), ALS phenotype, body mass index (BMI),
ALSFRS-R total score and disease progression rate
calculated at first visit. Once the propensity scores were
calculated, they were used for matching case and control
groups. A greedy nearest-neighbor matching was
adopted. A caliper of 0.2 standard deviations of the logit
of the propensity score was set.5,11 The matching ratio
between controls and cases was set at 2:1. Considering
the limited number of TUDCA-treated patients in the
database, such a ratio was selected to increase in sta-
tistical power given the expected prevalence of exposure
among the controls.

The primary outcome to evaluate TUDCA effective-
ness was survival probability considering tracheostomy-
free survival at the end of the study. The secondary
outcomes included disease progression during the
follow-up period, which was measured by the monthly
decline in ALSFRS-R at the last visit. This decline was
calculated by dividing the difference in the ALSFRS-R
total score between the initial visit and the last avail-
able follow-up before tracheostomy or death (whichever
occurred first) by the number of months between the
two visits. Finally, we also assessed the frequency and
time to NIV and PEG in patients treated with TUDCA
compared with untreated patients.
3
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Adherence to treatment with TUDCA was assessed
by calculating the rate of treatment discontinuation and
the reason.

Statistical analysis
For analyses, the disease progression rate at diagnosis
was assessed by subtracting the ALSFRS-R total score at
the time of diagnosis from the presumed score of 48 at
onset. The obtained difference was then divided by the
duration of diagnostic delay in months. Since 48 rep-
resents the highest achievable score on the ALSFRS-R
scale, we assume that each patient had this score
before the onset of symptoms.12

Given that in the registry, any resident patient diag-
nosed and followed up within the specialized Motor
Neuron Disease (MND) centres of Emilia Romagna was
documented with ALSFRS-r at the time of diagnosis, the
disease progression rate at diagnosis aligns with the
disease progression rate at the first visit. The ALS pro-
gression rate at the last visit was calculated by dividing
the difference in ALSFRS-r scores between the last and
first visits by the time interval in months between the
two visits.

Survival was calculated by considering the time in
months from symptom onset to death or tracheostomy
(whichever occurred first) or the censoring date (the last
day of follow-up, February 1st, 2022).

Survival and progression rates were taken into ac-
count to classify the patient’s disease progression as
“slow,” “intermediate,” or “fast.” We classified patients
as slow progressors if individuals had tracheostomy-free
survival exceeding 60 months from symptom onset, or if
living patients (at their latest observation) demonstrated
tracheostomy-free survival of >24 months and a disease
progression rate of <0.3 points per month, measured
from onset to the initial visit. We designated fast pro-
gressors as individuals with tracheostomy-free survival
of less than 24 months from symptom onset or living
patients (at their most recent observation) displaying
tracheostomy-free survival <60 months and a disease
progression rate >1.3 points per month, measured from
onset to the initial visit. All remaining patients were
categorized as intermediate progressors.

Indicator variables were created to provide a stratifi-
cation of TUDCA treatment, in terms of strengths and
duration. TUDCA strength was defined as a three-level
categorical variable: ‘‘no drug’’, ‘‘TUDCA < 1000 mg/
day”, “TUDCA ≥ 1000 mg/day”. Duration of TUDCA
treatment was classified according to time intervals of
12 months (“no drug”, “TUDCA < 12 months”,
“TUDCA ≥ 12 months”), based on the distribution of
TUDCA-treated patients (40 patients assumed TUDCA
for less than 12 months, 44 for more or equal than 12
months). For 2 TUDCA-treated patients, the duration of
the therapy could not be established and were excluded
from the analysis.
After PSM, the balance between the case/control
group was evaluated by calculating standardized mean
differences (SMDs) between treated and matched con-
trol patients in the matched and overall populations.
SMDs of less than 10% were considered negligible
imbalances.

Description of treatment groups homogeneity was
presented using Student’s t-test or ANOVA and chi-
square test, when appropriate. Survival was calculated
from onset to death/tracheostomy or the censoring date
using the Kaplan–Meier method; the logrank test was
used for group comparison. The hierarchy of performed
statistical analyses was the following: i) impact of
TUDCA treatment on survival; ii) impact of treatment
duration on survival; iii) impact of TUDCA doses on
survival. In parallel, multivariate Cox regression analysis
was employed to obtain a better estimation of survival
probabilities of TUDCA-treated patients versus control.
Since the delay in the initiation of TUDCA adminis-
tration may constitute an immortal time bias,13 we
included this variable as a covariate in Cox regression
analysis; whereas Riluzole and respiratory function were
included although not unbalanced between TUDCA
groups. These analyses were repeated in a sub-cohort of
patients in which TUDCA <1000 mg/day and their
matched controls were excluded.

Missing data were not substituted, and they were
treated as such. For primary outcomes, no missing data
were reported in the database; lost in follow-up were
censored recording patients as alive at the last available
visit. For the ALS progression rate at last visit, 26 values
were missing, exclusively in the non-TUDCA group;
then, the pairwise analyses were performed excluding
paired data with missing values.

Calculations were performed with SAS 9.4 (2021).

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report. All authors had access to the data and were
responsible for the decision to submit for publication.
Results
Clinical characteristics of patients with ALS before
propensity score matching
The initial population considered for the study was
constituted of 627 patients (men: women = 1.36), whose
clinical features are shown in Supplementary Table S1.
Median survival time was 25.5 months (95% CI 28.7–
31.8) from onset.

Patients exposed to TUDCA (n = 86) were more
commonly men and on average they were less likely to
present bulbar onset/phenotype, while they frequently
had a younger-onset disease and more benign pheno-
types such as flail arm/leg and UMN-predominant. Both
www.thelancet.com Vol 65 November, 2023
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Clinical features Patients not treated
with TUDCA (n = 172)
n (%) m [SD]

Patients treated with
TUDCA (n = 86)
n (%) m [SD]

p-value

Sex, n (%) 0.77

Male 125 (72.7) 64 (74.4)

Female 47 (27.3) 22 (25.6)

Months from onset to
diagnosis, mean [SD]

11.6 [8.2] 11.9 [10.2] 0.78

Age at onset, mean [SD] 58.1 [10.8] 58.2 [9.3] 0.97

Site of onset, n (%) 0.95

Bulbar 38 (22.1) 19 (22.1)

Upper limbs 72 (41.9) 35 (40.7)

Lower limbs 59 (34.3) 31 (36.0)

Respiratory 3 (1.7) 1 (1.2)

Phenotype 0.94

Bulbar 38 (22.1) 18 (20.9)

Classic 99 (57.6) 52 (60.5)

Flail arm and flail leg 28 (16.3) 12 (14.0)

UMN-p 4 (2.3) 3 (3.49)

Respiratory 3 (1.7) 1 (1.16)

Familial ALS, n (%) 15 (8.7) 10 (11.6) 0.46

BMI at diagnosis, mean [SD] 24.4 [4.0] 24.7 [3.7] 0.59

ALSFRS-r at diagnosis, mean
[SD]

41.7 [4.8] 41.8 [5.1] 0.86

Disease progression rate at
diagnosis, mean [SD]

0.648 [0.589] 0.626 [0.650] 0.79

FVC at diagnosis, mean [SD] 93.5 [22.0] 92.9 [23.9] 0.89

FTD at diagnosis, n (%) 11 (6.4) 6 (7.0) 0.86

Riluzole, n (%) 152 (88.4) 82 (95.4) 0.069

MiToS stage at TUDCA
beginning [SD]

– 0.58 [0.89] –

King’s stage at TUDCA
beginning [SD]

– 2.26 [0.96] –

Months from onset to TUDCA
intake, mean [SD]

– 22.8 [16.4] –

Months from diagnosis to
TUDCA intake, mean [SD]

– 11.0 [10.7] –

Absolute duration of TUDCA
treatment in days, mean [SD]

– 449 [392] –

SD: Standard Deviation; UMN-p: Upper Motor Neuron predominant; BMI: Body Mass Index; ALSFRS-R: ALS
Functional Rating Scale—Revised; FVC: Forced Vital Capacity; FTD: Frontotemporal Dementia. Based on the
nature of the clinical variable under investigation, homogeneity between cases and controls was assessed by the
Student’s T test or chi-square test. The resulting p-values are representative of good homogeneity of clinical
features among tested groups.

Table 1: Demographic and clinical characteristics TUDCA-treated and non-TUDCA-treated patients
with ALS after matching.

Articles
MiToS (median 0, IQR 0–1) and King’s College (median
2, IQR 1–3) stages were low at TUDCA initiation, sug-
gesting exposed patients were at the initial stages of the
disease.

Propensity score matching
TUDCA-treated and non-TUDCA-treated patients with
ALS were matched for sex, age at onset, ALSFRS-R,
diagnostic delay, phenotype, BMI, and disease progres-
sion rate at diagnosis. After matching, SMD tests
confirmed the balance between the case/control group
calculated by PSM for almost all clinical characteristics
(Supplementary Table S2). As reported in Table 1, no
statistically relevant differences were observable for
clinical characteristics in the TUDCA-treated and non-
TUDCA-treated patients, suggesting a good homoge-
neity of the cohort.

TUDCA treatment
After applying the PSM method, 86 TUDCA-treated
cases were matched to 172 non-TUDCA-treated ALS
and were included in the analysis (Fig. 1). Initiation of
TUDCA treatment occurred after a median of 17.7
months (IQR: 10–31.5) since onset and 7.8 months
(IQR: 2.4–17) since diagnosis. Median TUDCA treat-
ment duration was 12.6 months (IQR: 7.2–17). All pa-
tients who stopped TUDCA treatment before 6 months
(n = 13, 15.1%) remained in the database.

TUDCA was administered at different dosages to
patients. Table 2 shows the clinical features of patients
stratified based on TUDCA dosages.

Survival in TUDCA-treated patients compared with
non-TUDCA-treated patients
During the follow-up (median 41.56 months [IQR,
26.33–77.65 months]) 40 deaths/tracheostomy (46.5%)
were recorded among the TUDCA-treated cases
compared with 87 events (50.6%) among the non-
TUDCA-treated controls. Higher dosage TUDCA-
treated patients had longer survival (median: 56.5
months, 95% CI 43.0–not available) compared to both
lower doses-TUDCA (median survival: 29.7 months,
95% CI 19.6–49.6 months) and non-TUDCA treated
patients (median: 36.2 months, 95% CI 32.7–41.6
months) (Table 3, Fig. 2).

Since patients treated with lower doses of TUDCA
were on average older, more advanced in disease and
more often bulbar (Table 2), to avoid a confounding
effect of these factors, we performed survival analysis
after the removal of lower doses TUDCA-exposed pa-
tients (n = 20) and their matched unexposed counterpart
(n = 40), leaving 66 patients exposed to higher than
1000 mg daily TUDCA with 132 matched controls. Even
comparing these two populations, TUDCA was found
associated with a reduced risk of death/tracheostomy by
55% (HR 0.45, 95% CI 0.28–0.73, p = 0.0011). Stratifi-
cation by duration revealed patients exposed to TUDCA
www.thelancet.com Vol 65 November, 2023
for more than 12 months had prolonged survival (me-
dian: 56.2 months, 95% CI 43.0–96.2) compared to non-
TUDCA patients (median: 36.2 months, 95% CI
32.7–41.6). High-dose TUDCA treatment yielded supe-
rior results in terms of survival both versus controls
(Table 3) and low-dose treatment (HR 0.38, 95% CI
0.2–0.74, p < 0.0001).

Multiple Cox regression analysis confirmed the
prognostic impact of this covariate (HR = 0.94, 95% CI
0.92–0.97, p < 0.0001), while TUDCA delay since diag-
nosis was non-relevant (HR: 1.01, 95% CI 0.98–1.04,
p = 0.59). Inclusion of the possible confounding variables
5
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Fig. 1: Participant flow through study analysis. Cases and controls of the ERRALS study population are shown through the flowchart. 761
patients were diagnosed with ALS between January, 1st, 2015 and June, 30th, 2021 in the Emilia Romagna region and recorded in ERRALS. Last
follow-up date was fixed on February 1st, 2022. All patients with ALS with insufficient baseline or follow-up data on the ERRALS registry were
excluded from propensity score-matching analysis; TUDCA-exposed patients who took less than three consecutive months of therapy were
similarly excluded. ALS: Amyotrophic Lateral Sclerosis; ERRALS: Emilia Romagna Region ALS registry; TUDCA: tauroursodeoxycholic acid.

Articles

6

in covariate analysis revealed riluzole did not act as a
potential confounder in Cox regression analysis, whereas
FVC at baseline did (Supplementary Table S3). In the
same analysis delay of TUDCA initiation since diagnosis
did not affect survival, contrarily to the delay of treatment
initiation since onset (Supplementary Table S3).

Median time from onset to NIV initiation was 30.9
months in TUDCA-treated patients (95% CI: 19.1–41.0)
and 26.2 months (95% CI 21.9–29.9) in non-treated
patients (HR 0.73; 95% CI 0.43–1.24, p = 0.2).

Considering only high dose TUDCA-treated patients
(n = 66) and their matched controls (n = 132) median
time from onset to NIV initiation was 36.7 months in
TUDCA-treated patients (95% CI: 31.1–56.1) and 29.9
months (95% CI 25.0–34.1) in non-treated patients (HR
0.65; 95% CI 0.44–0.70, p = 0.034).

Onset to PEG positioning occurred after a median of
23.2 months in TUDCA-treated patients (95% CI
20.3–27) and 24.8 months (95% CI 21.3–31.7) in non-
treated patients (HR 1.25; 95% CI from 0.551 to 2.85,
p = 0.65). Disease progression rate at last visit was −1.11
points/month (95% CI, −0.93 to −1.29 points/month)
for patients non-treated with TUDCA (n = 146)
compared with −0.98 points/month (95% CI, −0.69
to −1.27 points/month) for TUDCA-treated patients
(n = 86) (p = 0.44).
Survival in high dose TUDCA-treated patients
compared with matched non-TUDCA-treated
patients on specific ALS subgroups
Survival analyses were performed separately on specific
patients’ subgroups comparing high-dose (≥1000 mg/
day) TUDCA-treated patients (n = 66) with propensity
score-matched patients who were not treated with
TUDCA (n = 132).

Among slow progressors (n = 75), the median time
from onset to death or tracheostomy was 96.16 months
(95% CI: 93.47 to not available) in high TUDCA-treated
patients and 57.34 months (95% CI: 41.56 to not avail-
able) in non-treated patients (HR 0.17; 95% CI
0.05–0.60, p = 0.0065).

Among fast progressors (n = 41) and intermediate
progressors (n = 82) there was no difference in survival
between high-dose TUDCA-treated patients and prope-
nsity score matched non-treated patients (Supplementary
Table S4). When considering fast and intermediate
progressors altogether, a difference was detected
(Supplementary Table S4).

There were no differences in survival among
bulbar patients (n = 41) based on TUDCA treatment:
median time from onset to death or tracheostomy was
31.82 months (95% CI: 24.49 to not available) in high-
dose TUDCA-treated patients and 34.09 months (95%
www.thelancet.com Vol 65 November, 2023
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Clinical features Patients treated with
TUDCA <1000 mg/day
(n = 20) n (%), m [SD]

Patients treated with
TUDCA ≥1000 mg/day
(n = 66) n (%), m [SD]

p-value

Sex, n (%) 0.60

Male 14 (70.0) 50 (75.8)

Female 6 (30.0) 16 (24.2)

Months from onset to diagnosis,
mean [SD]

11.5 [7.9] 12.1 [10.9] 0.82

Age at onset, mean [SD] 61.7 [10] 57.1 [8.9] 0.055

Site of onset, n (%) 0.054

Bulbar 7 (35) 12 (18.2)

Upper limbs 3 (15) 32 (48.5)

Lower limbs 10 (50) 21 (31.3)

Respiratory – 1 (1.5)

Phenotype 0.28

Bulbar 7 (35) 11 (16.7)

Classic 10 (50) 42 (63.6)

Flail arm and flail leg 3 (15) 9 (13.6)

UMN-p – 3 (4.6)

Respiratory – 1 (1.5)

BMI at diagnosis, mean [SD] 25.3 [4.8] 24.5 [3.4] 0.54

ALSFRS-r at diagnosis, mean [SD] 40.3 [5.5] 42.3 [4.9] 0.12

Disease progression rate at
diagnosis, mean [SD]

0.82 [0.7] 0.57 [0.6] 0.12

FVC at diagnosis, mean [SD] 87 [22.6] 95.1 [24.3] 0.35

FTD presence at diagnosis, n (%) 2 (10) 4 (6.1) 0.54

Riluzole, n (%) 20 (100) 62 (93.9) 0.26

MiToS stage at TUDCA beginning
[SD]

0.80 [1] 0.51 [0.84] 0.21

King’s stage at TUDCA beginning
[SD]

2.50 [1.05] 2.18 [0.93] 0.20

Months from onset to TUDCA
intake, mean [SD]

19.8 [14.4] 23.7 [17] 0.36

Absolute duration of TUDCA
treatment in days, mean [SD]

365 [376] 474 [396] 0.28

Drug titration, n (%) 9 (45) 47 (71.2) 0.034

Drug discontinuation, n (%) 5 (25) 11 (16.7) 0.40

SD: Standard Deviation; UMN-p: Upper Motor Neuron predominant; BMI: Body Mass Index; ALSFRS-R: ALS
Functional Rating Scale—Revised; FVC: Forced Vital Capacity; FTD: Frontotemporal Dementia. Based on the
nature of the clinical variable under investigation, the homogeneity between cases and controls was assessed by
ANOVA or chi-square test. The resulting p-values are representative of good homogeneity of clinical features
among tested groups. p-values inferior to 0.05 are reported in bold character.

Table 2: Clinical characteristics of patients with ALS stratified according to exposure to different
dosages of TUDCA.
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CI: 22.42–44.22) in propensity-matched non-treated
patients (HR 0.81; 95% CI 0.26–2.49, p = 0.71).

Among spinal onset patients (n = 157), median time
from onset to death or tracheostomy was 93.47 months
(95% CI: 43.04–96.16) in high-dose TUDCA-treated
patients and 41.55 months (95% CI: 33.07–50.53) in
propensity matched non-treated patients (HR 0.44;
95% CI 0.26–0.76, p = 0.0029) (Supplementary
Table S4).

When survival analysis was performed separately on
familial ALS, we could not detect any significant effect
of TUDCA administration, though these results are
limited by the small number of familial patients with
ALS in our cohort (only 20 individuals in the second
propensity-matched cohort). Similar results were ob-
tained with survival analyses on C9ORF72 expanded
patients (Supplementary Table S4).

Adverse effects in TUDCA-treated patients
Eighteen patients (20.9%) presented side effects (n = 20)
requiring drug reduction (n = 13, 15.1% of total TUDCA
exposed patients) or drug discontinuation (n = 7, 8.1%
of total TUDCA patients); two (2/13, 15.4%) of these
patients initially reduced the dose to cope with side ef-
fects but eventually decided to drop treatment. The most
frequently reported adverse effects were diarrhoea
(n = 12; 14.0%), abdominal pain (n = 5; 5.8%), and skin
eruption (n = 3; 3.5%). Among the seven patients who
discontinued TUDCA (38.9% of patients presenting
side effects), three presented diarrhoea, two abdominal
pain and two skin eruptions; two of these events
required hospital access but resolved without sequelae
after treatment discontinuation. No deaths or abnormal
increase in disease progression was observed for
TUDCA-exposed patients. No differences were noted
concerning the onset of adverse effects among patients
receiving varying dosages of TUDCA (number of side
effects: 5 out of 20 patients treated with TUDCA
<1000 mg/day, and 15 out of 66 patients treated with the
higher dose). In general, patients exposed to higher
doses of TUDCA were more frequently subject to drug
titration compared to low-dose exposed TUDCA patients
(71% versus 45%, p = 0.03). Overall, 16 patients dis-
continued TUDCA treatment (18.6% of total TUDCA
patients); besides adverse events, three patients (3.50%)
decided to interrupt TUDCA administration because of
lack of observable effects, four (4.65%) because of
engagement in other clinical trials, and finally one
(1.16%) because of progressive swallowing problems
which rendered TUDCA administration difficult.

Discussion
This multicenter, propensity score-matched cohort
study suggested through real-world data that patients
with ALS treated with TUDCA may have a survival
benefit. As far as the TUDCA effect is concerned in
randomized clinical trials (RCT), after the first
www.thelancet.com Vol 65 November, 2023
exploratory Italian study showing encouraging results in
ALS2 a phase III study is still going on in Europe.14

Moreover, a combination of TUDCA and sodium phe-
nylbutyrate (PB) gave promising effects both on the
ALSFRS-R decline15 and on survival16,17 leading to con-
ditional approval of the drug outside Europe, where
instead a phase III trial is still ongoing.

While evidence from phase III RCTs of the effects
of TUDCA alone (ClinicalTrials.gov Identifier:
NCT03800524) or in combination with phenylbutyrate
(PB) (ClinicalTrials.gov Identifier: NCT05021536) is
awaited, a potential advantage given by population-based
studies is the possibility to examine treatment effects for
7
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Group Survival (months) Hazard ratio

Median (CI) Log-Rank HR 95% CI p-value

Survival Analyses (from onset to death/tracheotomy) performed on PSM cohort

Level I: Survival: from onset to death/tracheotomy (treatment impact)

Patients not treated with TUDCA (n = 172) 36.2 (32.7–41.6) – – – –

Patients treated with TUDCA (n = 86) 49.6 (41.7–93.5) 0.0062 0.57 0.38–0.83 0.0042

Level II: Survival: from onset to death/tracheotomy (duration impact)

Patients not treated with TUDCA (n = 172) 36.2 (32.7–41.6) – – – –

Patients treated with TUDCA:

• With TUDCA <12 months (n = 40) 44.5 (26.3-NAa) 0.23 0.73 0.44–1.22 0.23

• With TUDCA >12 months (n = 44) 56.2 (43–96.2) 0.0022 0.67 0.52–0.87 0.0024

Level III: Survival: from onset to death/tracheotomy (dosage impact)

Patients not treated with TUDCA (n = 172) 36.2 (32.7–41.6) – – – –

Patients treated:

• With TUDCA <1000 mg/day (n = 20) 29.7 (19.6–49.6) 0.16 1.10 0.64–1.92 0.72

• With TUDCA ≥1000 mg/day (n = 66) 56.5 (43.0-NAa) <0.0001 0.42 0.26–0.68 <0.0001

Analyses performed on sub PSM cohort (excluding TUDCA < 1000 mg/day and their matched controls)

Survival: from onset to death/tracheotomy (treatment impact)

Patients not treated with TUDCA (n = 132) 39.0 (33.1–48.8)

Patients treated with ≥1000 mg/day (n = 66) 56.5 (43.0-NAa) 0.0019 0.45 0.28–0.73 0.0011

NA: not available. CI: confidence interval. HR: Hazard Ratio. FVC: forced vital capacity. Median survival times from Kaplan–Meier analyses and Hazard Ratio descriptors from
multiple Cox regression analyses were reported, respectively. For the latter ones, the following covariates were included in the model: riluzole treatment; delay of TUDCA
initiation from onset; delay of TUDCA initiation from diagnosis; and FVC value at the baseline. Supplementary Table S3 reported p-values to estimate the impact of such
covariates in terms of confounding factors. p-values inferior to 0.05 are reported in bold character. aThe CI cannot be estimated because a low observations’ size or a higher
number of censored observations.

Table 3: Median survival and hazard ratio on different dosages and durations of TUDCA treatment.

Fig. 2: Tracheostomy-free/life survival from diagnosis of incident ALS cases based on TUDCA treatment. Kaplan–Meier survival plot
displaying tracheostomy-free survival of patients with ALS in ERRALS study divided by controls (i.e., non-TUDCA-exposed patients, blue line),
low-dose TUDCA-exposed patients (i.e., <1000 mg/daily dosage, red line), and high-dose TUDCA patients (≥1000 mg/daily dosage, green line).
Survival was calculated by considering the time in months from symptom onset to death or tracheostomy (whichever occurred first) or the
censoring date (the last day of follow-up, February 1st, 2022). The number of patients included in the analysis is presented every 20 months,
with the number of censored patients between brackets. TUDCA: tauroursodeoxycholic acid.
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a longer time (as in our case, superior to one year) and
consider patients at all stages of disease while assuming
approved drugs for the disease. This will avoid the se-
lection of a restricted study population that might not be
entirely representative of the overall ALS population.18

In special fragile populations such as patients with
ALS several comorbidities may coexist with an impact
on survival,19,20 leading to patients’ exclusion from RCT
because of stringent inclusion and exclusion criteria21

and consequently a gap in the generalizability of the
results.22 To favour the inclusion of population-based
data during the regulatory approval process, a frame-
work for evaluating the use of real-world evidence
(RWE) was created in the US.23 Real-world studies are
now being considered to generate RWE of both safety
and effectiveness, and to support regulatory decisions
about drug products; in ALS RWE generated interesting
data on controversial drugs such as edaravone as
well.24,25

In our retrospective propensity score matched study,
we found that treatment with TUDCA was associated
with reduced risk of death and/or tracheotomy over 50%
in patients treated with daily doses ≥1000 mg in com-
parison to controls. Importantly, this effect was
observed in a limited, population-based cohort, where
spinal/bulbar/respiratory onset patients with ALS were
included in the analysis, differently from RCTs where
rarer phenotypes might be excluded because of strin-
gent exclusion criteria. Treatment with lower doses of
TUDCA did not affect survival in comparison to con-
trols, in agreement with the proposed therapeutical
dosage tested in previous studies,2,15 establishing a
threshold effect.

Though in our PSM population-based cohort riluzole
seemed not to act as a potential confounder in survival
analysis, it should be noted a higher percentage of
TUDCA-exposed patients concurrently assumed rilu-
zole, similar to ongoing RCTs where the combination of
the two is studied.

Should our results be confirmed in further pro-
spective studies this will open a new scenario, where
establishing the effect of TUDCA alone or in combina-
tion with PB would be of uttermost importance. Despite
our observed trend towards a slowing of disease pro-
gression in patients treated with TUDCA, we could not
demonstrate a significant effect of the drug on ALSFRS-
R monthly decline. This can be partly explained by the
retrospective nature of this study and several potential
limits of clinical data reliability in population registries:
the irregular intervals between each visit and conse-
quently ALSFRS-r collection time points, ALSFRS-r in-
ter-rater differences among population MND clinics,
and the loss in follow-up. However, recent studies
proved a high variability in disease trajectories exists in
ALS,26 destabilizing the significance given so far to
ALSFRS-r slope in clinical trials. In fact, newer clinical
outcomes derived from statistical enrichment
www.thelancet.com Vol 65 November, 2023
techniques have been tested and are the subject of
research for a better definition of efficacy endpoints in
clinical trials as well as population studies.27,28

When comparing only high-dose TUDCA-treated
patients with propensity score-matched untreated pa-
tients, we also identified a significant difference in the
time from onset to initiation of non-invasive ventilation
(NIV), which may suggest a potential beneficial effect of
TUDCA in slowing down disease progression, particu-
larly in its early stages. Our survival analysis within
subgroups revealed a noteworthy treatment effect on
individuals with slow progression; however, this effect
was not evident among those with intermediate and fast
progression, unless these groups were analyzed collec-
tively. Spinal onset patients also benefited most from
TUDCA treatment compared to bulbar onset patients
with ALS. Given the limited number of patients within
each subgroup, the generalizability of these findings is
constrained, warranting caution when interpreting sur-
vival data. These observations, together with results on
other patients’ subgroups based on site of onset, family
history, or genetics, necessitate confirmation through
prospective randomized controlled trials, where instru-
mental evaluations such as FVC are regularly assessed
and close monitoring of fast progressors due to the
rapid evolution of their condition is granted.

Our study showed that the safety profile of TUDCA,
even with a longer treatment duration, was mainly
characterized by gastrointestinal side effects reported in
almost 20% of TUDCA-exposed patients, independently
of BMI. Drug reduction was sufficient for most patients
presenting with side effects, but 35% of them (corre-
sponding to 7% of the entire treated cohort) judged
these effects intolerable and discontinued the treatment.
Therefore, TUDCA treatment has shown to be well
tolerated in real-world settings where patients with ALS
may experience a large range of comorbidities poten-
tially increasing side effects and affecting survival, and
several other treatments potentially modulating drug
interactions.19 Patients assuming higher doses of
TUDCA were more frequently exposed to increasing
titration regimens, which may be a good therapeutic
strategy to cope with unwanted effects and to establish
the maximum tolerated TUDCA dose in individual
patients.

Due to the observational nature of our study, the
accurate drug history and adherence to TUDCA treat-
ment could only be verified by the attending physician
during follow-up visits. The absence of external drug
accountability controls, as expected in randomized
controlled trials, could potentially influence the results.
Moreover, vitamins, supplements, and other possible
medications consumed by patients, which were not
monitored, could introduce confounding in an obser-
vational study like ours. The same consideration applies
to socioeconomic factors, dietary habits, or other health-
related behaviours, as these data were not accessible and
9
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may have contributed to selection bias in individuals
who opt to take substances like TUDCA, which could
also coincide with other practices exerting a favourable
influence on the disease.

As part of the limitations of our study, the already-
mentioned retrospective observational design, which
entails irregular follow-ups, missing and non-uniform
information for example for clinical scales (ALSFRS-r)
or instrumental measures (FVC), impossibility to fully
remove possible confounding factors, and, most
importantly, immortal time bias when survival analysis
is among prespecified outcome analysis.29 Nevertheless,
our regional registry gathers a large amount of clinical
information about patients with ALS, regularly verified
and controlled by trained clinicians, allowing for a more
accurate propensity score analysis of patients with ALS
compared to previous reports.24,25

Finally, the exploratory nature of the study, coupled
with the limited sample size and underpowered ana-
lyses, prevents us from making conclusive de-
terminations regarding outcome measures, especially
concerning the assessment of adverse effects.

In summary, in our “real-world” study patients who
received TUDCA at the higher dose survived longer.
Since this was not a controlled study, we cannot rule out
additional confounding factors but pending the results of
ongoing phase III RCTs, this study seems to confirm
current evidence from early trials. Our propensity score
matched cohort study offers the advantage of longer
follow-up than RCTs, allowing to measure survival, the
most clinically meaningful outcome measure for assess-
ing the benefits of ALS treatments,30 although almost
disused as the primary outcome in ALS trials.22 Further
ongoing studies (NCT03800524, NCT05021536) will be
crucial to verify TUDCA effects alone or in combination
with PB.

Contributors
EZ and JM had full access to all the data in the study and take re-
sponsibility for the integrity of the data and the accuracy of the data
analysis. EZ and UM contributed equally as co−first authors. JM and GF
contributed equally as co–senior authors.

Concept and design: EZ, JM, GF, UM, IM.
Acquisition, analysis, or interpretation of data: All authors.
Data verification:UM; JM.
Drafting of the manuscript: EZ, JM, GF, UM.
Critical revision of the manuscript for important intellectual content:

MV, IM, NF, CS, GG, VV.
Statistical analysis: EZ, UM, JM.
Administrative, technical, or material support: SF, JM.
Supervision: EZ, JM, GF.

Data sharing statement
With publication, deidentified data and data dictionary will be shared
with researchers who provide a methodologically sound proposal and
will include investigator support to achieve aims in the approved pro-
posal. Proposals should be directed to elisabetta.zucchi@unimore.it or
jessica.mandrioli@unimore.it; to gain access, data requestors will need
to sign a data access agreement. Proposals may be submitted up to 36
months following article publication. After 36 months, the data will be
available in our university’s data warehouse but without investigator
support other than deposited metadata.
Declaration of interests
EZ, UM, GF, IM, CS, GG, NF, AG, MC, ES, LZ, PA, EC, MV, SF, VV
declare no conflicts of interest. JM reports receiving advisory board fees
from Biogen, Amylix and Italfarmaco, grant support from Roche and
from Pfizer (RAP-ALS study; drug furniture), all unrelated to this study.
JM received grant support from Agenzia Italiana del Farmaco [grant
number 2016–02364678], Italian Ministry of Health (bando per la
ricerca finalizzata 2016, grant number RF-2016-02361616), and Uni-
versity of Modena and Reggio Emilia (bando FAR 2021, Progetti di
ricerca Interdisciplinari Mission Oriented, NEURALS project), all un-
related to this study.

Acknowledgements
This is a non-profit study performed by public organizations, without
the involvement of any private company. Emilia Romagna Registry for
ALS (ERRALS register) is supported by the Emilia Romagna Region
Health Authority, which was not involved in the study design or
conduct. The authors thank ERRALS group for collecting clinical data of
patients with ALS of Emilia Romagna Region.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.eclinm.2023.102256.
References
1 Khalaf K, Tornese P, Cocco A, Albanese A. Tauroursodeoxycholic

acid: a potential therapeutic tool in neurodegenerative diseases.
Transl Neurodegener. 2022;11:33. https://doi.org/10.1186/s40035-
022-00307-z.

2 Elia AE, Lalli S, Monsurrò MR, et al. Tauroursodeoxycholic acid in
the treatment of patients with amyotrophic lateral sclerosis. Eur J
Neurol. 2016;23:45–52. https://doi.org/10.1111/ene.12664.

3 Mandrioli J, Biguzzi S, Guidi C, et al. Epidemiology of amyo-
trophic lateral sclerosis in Emilia Romagna Region (Italy): a
population based study. Amyotroph Lateral Scler Frontotemporal
Degener. 2014;15:262–268. https://doi.org/10.3109/21678421.
2013.865752.

4 Gianferrari G, Martinelli I, Zucchi E, et al. Epidemiological, clinical
and genetic features of ALS in the last decade: a prospective
population-based study in the Emilia Romagna region of Italy.
Biomedicines. 2022;10:819. https://doi.org/10.3390/biomedicines
10040819.

5 Austin PC, Xin Yu AY, Vyas MV, Kapral MK. Applying propensity
score methods in clinical research in neurology. Neurology. 2021;
97:856–863. https://doi.org/10.1212/WNL.0000000000012777.

6 Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited:
revised criteria for the diagnosis of amyotrophic lateral sclerosis.
Amyotroph Lateral Scler Other Motor Neuron Disord. 2000;1:293–299.
https://doi.org/10.1080/146608200300079536.

7 Mandrioli J, Biguzzi S, Guidi C, et al. Heterogeneity in ALSFRS-R
decline and survival: a population-based study in Italy. Neurol Sci.
2015;36:2243–2252. https://doi.org/10.1007/s10072-015-2343-6.

8 Mandrioli J, Malerba SA, Beghi E, et al. Riluzole and other prog-
nostic factors in ALS: a population-based registry study in Italy.
J Neurol. 2018;265:817–827. https://doi.org/10.1007/s00415-018-
8778-y.

9 Fasano A, Fini N, Ferraro D, et al. Percutaneous endoscopic gas-
trostomy, body weight loss and survival in amyotrophic lateral
sclerosis: a population-based registry study. Amyotroph Lateral Scler
Frontotemporal Degener. 2017;18:233–242. https://doi.org/10.1080/
21678421.2016.1270325.

10 EFNS Task Force on Diagnosis and Management of Amyotrophic
Lateral Sclerosis, Andersen PM, Abrahams S, Borasio GD, et al.
EFNS guidelines on the clinical management of amyotrophic lateral
sclerosis (MALS)–revised report of an EFNS task force. Eur J Neurol.
2012;19:360–375. https://doi.org/10.1111/j.1468-1331.2011.03
501.x.

11 Faries D, Leon A, Haro J, Obenchain R. Analysis of observational
health care data using SAS. SAS Press Imprint; 2010.

12 Labra J, Menon P, Byth K, Morrison S, Vucic S. Rate of disease
progression: a prognostic biomarker in ALS. J Neurol Neurosurg
Psychiatry. 2016;87:628–632. https://doi.org/10.1136/jnnp-2015-
310998.
www.thelancet.com Vol 65 November, 2023

mailto:elisabetta.zucchi@unimore.it
mailto:jessica.mandrioli@unimore.it
https://doi.org/10.1016/j.eclinm.2023.102256
https://doi.org/10.1016/j.eclinm.2023.102256
https://doi.org/10.1186/s40035-022-00307-z
https://doi.org/10.1186/s40035-022-00307-z
https://doi.org/10.1111/ene.12664
https://doi.org/10.3109/21678421.2013.865752
https://doi.org/10.3109/21678421.2013.865752
https://doi.org/10.3390/biomedicines10040819
https://doi.org/10.3390/biomedicines10040819
https://doi.org/10.1212/WNL.0000000000012777
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1007/s10072-015-2343-6
https://doi.org/10.1007/s00415-018-8778-y
https://doi.org/10.1007/s00415-018-8778-y
https://doi.org/10.1080/21678421.2016.1270325
https://doi.org/10.1080/21678421.2016.1270325
https://doi.org/10.1111/j.1468-1331.2011.03501.x
https://doi.org/10.1111/j.1468-1331.2011.03501.x
http://refhub.elsevier.com/S2589-5370(23)00433-9/sref11
http://refhub.elsevier.com/S2589-5370(23)00433-9/sref11
https://doi.org/10.1136/jnnp-2015-310998
https://doi.org/10.1136/jnnp-2015-310998
www.thelancet.com/digital-health


Articles
13 Suissa S. Immortal time bias in pharmaco-epidemiology. Am J
Epidemiol. 2008;167:492–499. https://doi.org/10.1093/aje/kwm324.

14 Albanese A, Ludolph AC, McDermott CJ, et al. Tauroursodeox-
ycholic acid in patients with amyotrophic lateral sclerosis: the
TUDCA-ALS trial protocol. Front Neurol. 2022;13:1009113. https://
doi.org/10.3389/fneur.2022.1009113.

15 Paganoni S, Macklin EA, Hendrix S, et al. Trial of sodium
phenylbutyrate-taurursodiol for amyotrophic lateral sclerosis.
N Engl J Med. 2020;383:919–930. https://doi.org/10.1056/NEJ
Moa1916945.

16 Paganoni S, Hendrix S, Dickson SP, et al. Long-term survival of
participants in the CENTAUR trial of sodium phenylbutyrate-
taurursodiol in amyotrophic lateral sclerosis. Muscle Nerve.
2021;63:31–39. https://doi.org/10.1002/mus.27091.

17 Paganoni S, Hendrix S, Dickson SP, et al. Effect of sodium phe-
nylbutyrate/taurursodiol on tracheostomy/ventilation-free survival
and hospitalisation in amyotrophic lateral sclerosis: long-term re-
sults from the CENTAUR trial. J Neurol Neurosurg Psychiatry.
2022;93:871–875. https://doi.org/10.1136/jnnp-2022-329024.

18 Chiò A, Canosa A, Gallo S, et al. ALS clinical trials: do enrolled
patients accurately represent the ALS population? Neurology.
2011;77:1432–1437. https://doi.org/10.1212/WNL.0b013e318232
ab9b.

19 Mandrioli J, Ferri L, Fasano A, et al. Cardiovascular diseases may
play a negative role in the prognosis of amyotrophic lateral scle-
rosis. Eur J Neurol. 2018;25:861–868. https://doi.org/10.1111/ene.
13620.

20 Moglia C, Calvo A, Canosa A, et al. Influence of arterial hyper-
tension, type 2 diabetes and cardiovascular risk factors on ALS
outcome: a population-based study. Amyotroph Lateral Scler Fron-
totemporal Degener. 2017;18:590–597. https://doi.org/10.1080/
21678421.2017.1336560.

21 Tan YY, Papez V, Chang WH, Mueller SH, Denaxas S, Lai AG.
Comparing clinical trial population representativeness to real-world
www.thelancet.com Vol 65 November, 2023
populations: an external validity analysis encompassing 43 895
trials and 5 685 738 individuals across 989 unique drugs and 286
conditions in England. Lancet Healthy Longev. 2022;3:e674–e689.
https://doi.org/10.1016/S2666-7568(22)00186-6.

22 van Eijk RPA, Westeneng HJ, Nikolakopoulos S, et al. Refining
eligibility criteria for amyotrophic lateral sclerosis clinical trials.
Neurology. 2019;92:e451–e460. https://doi.org/10.1212/WNL.
0000000000006855.

23 US Food and Drug Administration. Real-world evidence. https://
www.fda.gov/science-research/science-and-research-special-topics/
real-world-evidence. Accessed March 17, 2023.

24 Witzel S, Maier A, Steinbach R, et al. Safety and effectiveness of
long-term intravenous administration of edaravone for treatment of
patients with amyotrophic lateral sclerosis. JAMA Neurol.
2022;79:121–130. https://doi.org/10.1001/jamaneurol.2021.4893.

25 Brooks BR, Berry JD, Ciepielewska M, et al. Intravenous edaravone
treatment in ALS and survival: an exploratory, retrospective,
administrative claims analysis. eClinicalMedicine. 2022;52:101590.
https://doi.org/10.1016/j.eclinm.2022.101590.

26 Ramamoorthy D, Severson K, Ghosh S, et al. Identifying patterns
in amyotrophic lateral sclerosis progression from sparse longitu-
dinal data. Nat Comput Sci. 2022;2:605–616.

27 Shefner JM, Bedlack R, Andrews JA, et al. Amyotrophic lateral
sclerosis clinical trials and interpretation of functional end points
and fluid biomarkers: a review. JAMA Neurol. 2022;79:1312–1318.
https://doi.org/10.1001/jamaneurol.2022.3282.

28 Fournier CN. Considerations for amyotrophic lateral sclerosis
(ALS) clinical trial design. Neurotherapeutics. 2022;19:1180–1192.
https://doi.org/10.1007/s13311-022-01271-2.

29 Yadav K, Lewis RJ. Immortal time bias in observational studies.
JAMA. 2021;325:686–687. https://doi.org/10.1001/jama.2020.9151.

30 Paganoni S, Cudkowicz M, Berry JD. Outcome measures in
amyotrophic lateral sclerosis clinical trials. Clin Investig (Lond).
2014;4(7):605–618. https://doi.org/10.4155/cli.14.52.
11

https://doi.org/10.1093/aje/kwm324
https://doi.org/10.3389/fneur.2022.1009113
https://doi.org/10.3389/fneur.2022.1009113
https://doi.org/10.1056/NEJMoa1916945
https://doi.org/10.1056/NEJMoa1916945
https://doi.org/10.1002/mus.27091
https://doi.org/10.1136/jnnp-2022-329024
https://doi.org/10.1212/WNL.0b013e318232ab9b
https://doi.org/10.1212/WNL.0b013e318232ab9b
https://doi.org/10.1111/ene.13620
https://doi.org/10.1111/ene.13620
https://doi.org/10.1080/21678421.2017.1336560
https://doi.org/10.1080/21678421.2017.1336560
https://doi.org/10.1016/S2666-7568(22)00186-6
https://doi.org/10.1212/WNL.0000000000006855
https://doi.org/10.1212/WNL.0000000000006855
https://www.fda.gov/science-research/science-and-research-special-topics/real-world-evidence
https://www.fda.gov/science-research/science-and-research-special-topics/real-world-evidence
https://www.fda.gov/science-research/science-and-research-special-topics/real-world-evidence
https://doi.org/10.1001/jamaneurol.2021.4893
https://doi.org/10.1016/j.eclinm.2022.101590
http://refhub.elsevier.com/S2589-5370(23)00433-9/sref26
http://refhub.elsevier.com/S2589-5370(23)00433-9/sref26
http://refhub.elsevier.com/S2589-5370(23)00433-9/sref26
https://doi.org/10.1001/jamaneurol.2022.3282
https://doi.org/10.1007/s13311-022-01271-2
https://doi.org/10.1001/jama.2020.9151
https://doi.org/10.4155/cli.14.52
www.thelancet.com/digital-health

	Effect of tauroursodeoxycholic acid on survival and safety in amyotrophic lateral sclerosis: a retrospective population-bas ...
	Introduction
	Methods
	Study design and setting
	Study population
	Outcome measures
	Statistical analysis
	Role of the funding source

	Results
	Clinical characteristics of patients with ALS before propensity score matching
	Propensity score matching
	TUDCA treatment
	Survival in TUDCA-treated patients compared with non-TUDCA-treated patients
	Survival in high dose TUDCA-treated patients compared with matched non-TUDCA-treated patients on specific ALS subgroups
	Adverse effects in TUDCA-treated patients

	Discussion
	ContributorsEZ and JM had full access to all the data in the study and take responsibility for the integrity of the data an ...
	Data sharing statementWith publication, deidentified data and data dictionary will be shared with researchers who provide a ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


