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Abstract 
Randomized controlled trials (RCTs) are the most valid methodological tool for establishing causal relationships. Neverthe-
less, their validity is constrained by various methodological details concerning their design, conduction and implementa-
tion. Failure of successful randomization, absence of correction for multiple comparisons, use of noisy scales for measuring 
a disease parameter, are a few of these constraints. Furthermore, there are constraints inherent in the scientific research 
methodology, like the use of the p-value as a threshold of statistical significance and in succession of inferential reasoning, 
as a threshold of truth. In this work, the examples of RCTs illustrating these limitations are drawn from the field of multiple 
sclerosis (MS). In general, RCTs in MS mostly are well designed, adequately powered, and well conducted. Nevertheless, 
sometimes there are exceptions, leading to false conclusions and steering clinical practice toward wrong choices.
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Introduction

	 Multiple Sclerosis is a chronic autoimmune disease 
of the central nervous system (CNS), implicating both inflam-
matory and neurodegenerative pathogenic mechanisms (1). 
The main clinical phenotype is the relapsing-remitting type of 
the disease (RRMS). In the majority of cases it is characterized 
by acute exacerbations and subsequent various degrees of re-
covery (2). The typical course of RRMS, after several years of re-
lapses and remissions, is the gradual and continuous (perhaps 
fluctuating) worsening of disability, marking the transition to 
the secondary progressive subtype of the disease (SPMS) (3). 
In a minority of patients, this gradual and continuous wors-
ening of disability begins from the disease onset. This is the 
defining clinical feature of the primary progressive subtype of 
MS (PPMS). Both SPMS and PPMS subtypes belong to the spec-
trum of progressive type of MS (3).

	 European Medicines Agency (EMA) has already ap-
proved 16 drugs for MS (4), which aim to either prevent relaps-
es or treat symptoms (Table 1). In Greece, 14 of these drugs are 
already being reimbursed from social security services while 
the other two (Cladribine and Ocrelizumab) will be integrated 
in the forthcoming months. Ιt should be noted that Ocrelizum-
ab has been approved by EMA for the early stages of PPMS (4). 
It is the first drug approved with this indication.

TABLE 1

Active Substance Year of 

Approval

Administra-

tion

Indication

Interferon β 1-b 1995 Injectable 

SC

RRMS

Interferon β 1-a 

EM

1997 Injectable 

SC

RRMS

Interferon β 1-a 

SC

1998 Injectable 

SC

RRMS

Mitoxantrone 1998 Injectable 

IV

RRMS

Glatiramer 

Acetate

2002 Injectable 

SC

RRMS

Natalizumab 2006 Injectable 

IV

RRMS

Fingolimod 2011 Per os RRMS

Fampridine 2011 Per os Walking 

Disability

Cannabidiol / 

δ-9-tetrahydrocan-

nabinol

2011 Oromucosal 

Spray

Spasticity 

Chronic Pain

Teriflunomide 2013 Per os RRMS

Alemtuzumab 2013 Injectable 

IV

RRMS

Dimethylfuma-

rate

2014 Per os RRMS

Peginterferon 

β-1a

2014 Injectable 

SC

RRMS

Daclizumab 2016 | With-

drawn

Injectable 

IV

RRMS

Cladribine 2018 Per os RRMS

Ocrelizumab 2018 Injectable 

IV

RRMS | 

PPMS

Randomized Controlled Trials
A prerequisite for drug approval by the authorities is the de-

sign and implementation of large scale, multicenter, multina-
tional, double blind, RCTs. The randomization procedure is con-
sidered as the most valid and reliable method for balancing all 
the baseline confounders (effect modifiers), both known (table 
2a and 2b) and unknown, between the groups under compari-
son e.g. novel therapy vs placebo. This is why in the framework 
of evidence-based medicine, RCTs are graded with the highest 
level of validity among other types of studies, namely cohort or 
case control observational studies (5). 	
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TABLE 2a

Effect modifiers usually checked for balancing between groups, 

after randomization

NOVEL THERAPY PLACEBO

Age Age

Sex (Usually % of females) Sex (Usually % of females)

Duration from disease onset Duration from disease onset

No of Relapses the Last 1 or 2 

years or ARR*

No of Relapses the Last 1 or 2 

years or ARR*

Disability-EDSS** score EDSS** score

MRI‡- No or volume of T2 hy-

perintense lesions

MRI‡ - No or volume of T2 hy-

perintense lesions

MRI‡ – No of Contrast enhanc-

ing T1 lesions

MRI‡ – No of Contrast enhanc-

ing T1 lesions

Previous use of DMT§ Previous use of DMT§ 

TABLE 2b

Effect modifiers usually not-checked for balancing between 

groups, after randomization

CSF† CSF†

Cognitive Status Cognitive Status

Total Brain Volume or Grey or 

White Matter Volume

Total Brain Volume or Grey or 

White Matter Volume

Nfl$ in CSF or Blood Nfl$  in CSF or Blood

*ARR: Annualized Relapse Rate	 **EDSS: Expanded Disabili-
ty Status Scale

‡MRI: Magnetic Resonance Imaging   §DMT: Disease Modify-
ing Therapy  

†CSF: Cerebrospinal Fluid  $Neurofilaments (Light Chain)

Does Randomization always succeed?
In the majority of clinical trials randomization works as 

expected. Nevertheless, sometimes it may result in imbalances, 
due to mostly unidentified reasons. An example is the pivot-
al clinical trial of glatiramer acetate 20mg (GA), published on 
1995 (6). The randomization was implemented using the SAS 
statistical package. The baseline EDSS score, after randomiza-

tion, was 2.8±1.2 (mean± standard deviation) for the GA group 
and 2.4±1.3 for placebo (6). This difference is imbalanced since 
a t-test results in t=2.5, p<0.02 (7). The effect of GA on disability 
progression, as measured by the EDSS change (increase) for 3 
or 6 consecutive months, was not significantly different from 
the effect of placebo. The final conclusion was that GA does not 
inhibit disability deterioration more significantly than placebo. 
In addition, for the calculation of the relapse rate, the authors 
employed a multiple regression statistical technique, using the 
EDSS change as a covariate in order to adjust for the EDDS im-
balance. This adjustment resulted in a significant difference in 
relapse rate between GA and placebo, with a p-value=0.007. 
The Food and Drug Administration (FDA) did not accept this 
statistical adjustment because it was not pre-planned. In its 
own report only the unadjusted comparisons of relapse rate 
with a p-value=0.055 are mentioned (8). This pivotal RCT of 
GA was the only one for several years. As a result, a systematic 
review of disease modifying therapies (DMTs) in MS, including 
only double blind RCTs, reported (21) the efficacy of GA as 
simi-lar to the efficacy of placebo under several outcome 
measures, without any mention to the EDSS imbalance in the 
baseline of GA’s pivotal RCT (9). For a whole decade after this 
RCT of GA, there was a growing bibliographic trend of 
suggesting that GA is as effective as placebo. This trend 
changed after the publica-tion of two open label, randomized, 
head-to-head trials, com-paring GA to interferon β-1b 
(BEYOND) (10) and subcutaneous interferon β-1a (REGARD) 
(11). According to their conclusion, the efficacy of GA was 
equivalent to that of the two other inter-ferons-β in all 
outcome measures. 

Multiple Comparisons
All pivotal clinical trials in MS aim to establish a statis-

tically significant outcome of a primary endpoint. This may be 
a single outcome measure e.g. annualized relapse rate (12) (13). 
Alternatively,  multiple primary endpoints (e.g. multiple dosing 
schemas) may be investigated. Furthermore, the endpoint may 
be composite. For example, in the context of time to failure, 
failure is defined either as the first occurrence of a relapse or 
the permanent discontinuation of treatment due to any cause 
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(14). In addition to these primary endpoints several other sec-
ondary ones are also included in the trial’s list of endpoints, 
e.g. disability progression, magnetic resonance imaging (MRI) 
lesion burden, adverse events etc. All these endpoints have to 
be investigated through a vast number of comparisons. How-
ever, increasing the number of comparisons leads to a higher 
probability of getting falsely lower p-values (at the significance 
threshold 0.05). In turn, this may lead to a higher number of 
false positive results (15). In order to tackle the inflation of 
false positives due to multiple comparisons, several statistical 
procedures have been developed. The Bonferroni test is the 
most traditional. Roughly, it divides the p-value by 2 for every 
successive comparison. Nevertheless, this correction may be 
dramatic and has been criticized for overcorrection (15). Other 
more modest corrective procedures are used more frequently, 
like Hochberg, Benjamini-Hochberg, Hommel, Dunnet etc. The 
pivotal RCTs in MS include prespecified statistical procedures 
for controlling false positives due to multiple comparisons, 
since the regulatory agencies, namely FDA (16) and EMA (17), 
demand adherence to their guidelines on controlling multiplic-
ity issues. Nevertheless, after the approval of a DMT by the au-
thorities, several post-hoc group comparisons are published in 
order to assess various aspects of the treatment profile of DMT 
based on the original data of the pivotal RCT. All these compar-
isons should be embedded in the succession of comparisons of 
the initial RCT and should be corrected for multiplicity in order 
to avoid type I error inflation.

The latest example is the ORATORIO trial of ocre-
lizumab for PPMS (18). In this trial a prespecified exploratory 
endpoint (among several others, both primary and secondary) 
was a 20% confirmed progression in the time of Nine-Hole 
Peg Test (9-HPT) in all patients with PPMS in order to examine 
upper extremity function separately. One year after the initial 
publication of ORATORIO trial in the New England Journal of 
Medicine, a paper dedicated to the upper extremity function in 
PPMS patients was published in Multiple Sclerosis (19). This pa-
per is a re-analysis of the ORATORIO upper extremity data. But 
this time, several more groups of patients were investigated, 
each with different confirmed progression thresholds in  9-HPT: 
25%, 30% and 35%, during three different time periods: 12, 24 

and 120 weeks. In addition, confirmed i mprovement ( instead 
of progression) was used as a grouping factor in order to com-
pare the two groups (improvement versus no improvement) 
according to two different t hresholds o f 9 -HPT:15% a nd 2 0% 
(19). All these comparisons were carried out for the total num-
ber of patients, and additionally the authors examined two 
more groups: patients with EDSS ≥ 6 and EDSS < 6. All these 
post-hoc comparisons were carried out without any multiplic-
ity correction resulting in inflation of type I error. For example, 
the time to ≥ 25% confirmed progression in 24 weeks was sig-
nificantly less than the corresponding time for placebo with a 
p-value 0.027 for both hands and 0.033 for the better hand. 
These p-values are close to the significance threshold of 0.05 
and should be rather insignificant if corrected (at least accord-
ing to the Bonferroni correction). In spite of the authors of this 
paper declaring these analyses as exploratory (19), multiplicity 
testing should be rigorously performed even in exploratory 
tri-als (15).     

Estimation of disability with EDSS score
Permanent, irreversible disability, of any severity, is 

the greatest concern of all MS patients and the most important 
outcome measure of RCTs. Relapses cause temporary disabili-
ty and, if absolutely remitted, cause only a dysfunction for few 
days or weeks. On the contrary, permanent disability affects 
decisively all aspects of the patients’ daily life, their present and 
future. All the outcome measures of RCTs, like the relapse rate, 
the MRI lesion burden or the degree of short-term disability 
sustained over 3 or 6 months, are surrogate measures of per-
manent disability. 

The EDSS scale is the gold standard tool for the as-
sessment of disability in MS. Besides that, many RCTs also used 
EDSS for the confirmation of relapse. This is defined by an in-
crease of 0.5 points in EDSS score or 2 points in one functional 
system or by 1 point in two functional systems of EDSS. To esti-
mate the improvement or the worsening of permanent disabil-
ity, the threshold for the EDSS score change is 1 point or more, 
except from the patients with baseline EDSS score 0 and >5.5, 
for whom a change of 1.5 and 0.5 has to be confirmed, respec-
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tively. But the most important parameter for the confirmation 
of disability as (permanent) progression is the period of time. 
The vast majority of RCTs use the 3 or/and 6 months period of 
sustained EDSS score change to define disability progression 
or improvement. Is this time period sufficient to confirm any 
EDSS score change as irreversible? A study published in Brain 
on 2015 (20), investigated the events of EDSS score progres-
sion, as defined by the persistence of this score over 3, 6, 12 and 
24 months, and calculated the proportion of events sustained 
over the following five years. The number of patients included 
in the study was 16.636, extracted from the international MS-
BASE registry. The proportion of events persisted over 5 years 
was 70%, 74%, 80% and 89%, for the 3, 6, 12, 24 months of con-
firmed disability progression (CDP), respectively. That is, the 3 
months confirmation for the estimation of permanent disabili-
ty progression is false in 30% of events, the 6 months estimation 
in 26% of events, the 12 months estimation in 20% of events 
and even the 24 months estimation is false in 11% of events. 
More commonly the restored progression confirmations were 
recorded in younger patients, those with relapsing-remitting 
course of MS, small changes in EDSS score and more frequent 
visits. The prominence of false permanent progression in these 
subpopulations of patients probably highlights the implication 
of measurement errors in low EDSS scores. This is in accordance 
with the finding of Ebers et al (21), who examined the placebo 
arms of 31 RCTs and concluded that the EDSS score as a sur-
rogate marker of disability progression is totally unreliable in 
RRMS. Furthermore, a baseline EDSS score < 4, reflects mea-
surement errors, random variations and remitting relapses (21). 
In contrast, baseline EDSS score > 4, which is usually the case of 
SPMS, is significantly more reliable and less noisy. 

Taking in mind these findings, we may estimate that 
many disability progression events recorded in RCTs eventual-
ly proved to be relapses with delayed remittance. In addition, 
high potency DMTs (Natalizumab, Alemtuzumab, Ocrelizumab, 
Cladribine), which were thought to significantly affect the dis-
ability status (either higher rate of inhibition of disease wors-
ening or higher rates of disability improvement), may simply 
act by their potent anti-inflammatory mechanism of action (re-
mitting of relapses) and not against neurodegenerative patho-

physiological mechanisms. Besides this disadvantage of EDSS, 
we have to mention the absence of a cognitive functional sys-
tem assessment, as well as the absence of fatigue estimation. 
Both are important sources of disability of MS patients, affect-
ing seriously their activities of daily living and subsequently 
their quality of life.

No Evidence of Disease Activity (NEDA)
NEDA is a recently proposed treatment target for MS 

(22) and denotes the absence of any disease activity concern-
ing relapses, disability progression and MRI lesion burden. A 
NEDA-4 treatment target has also been proposed (23), incor-
porating the brain volume loss as measured by MRI, as well as 
NEDA-5, adding to the NEDA-4 the light chain neurofilament 
levels in cerebrospinal fluid. Among all these proposed treat-
ment targets only NEDA has been widely adopted by the MS 
community.

In a 7-years longitudinal cohort, 46% of the patients 
fulfilled NEDA at 1 year, while only 7.9% after 7 years (24). An-
other similar 10-years cohort found that only 9% of the patients 
fulfilled NEDA at the 10th year. (25) Thus, it is clear that NEDA 
could not be maintained in the long-run. It is an acceptable 
treatment goal but too ambitious at present time, under the 
current pharmacological armamentarium in MS. 	 The ex-
tension of TRANSFORMS trial presents special interest, since it 
compares two DMTs using NEDA as an outcome measure, and 
may provide some insights. The TRANFORMS trial compared 
fingolimod with intramuscular interferon β-1a for one year. At 
the end of first year, all patients on interferon β-1a switched 
to fingolimod and followed up over the next 3.5 years (26). At 
the end of first year, the proportion of patients with NEDA was 
44.3% for interferon β-1a and 63.4% for fingolimod. At the end 
of second year (one year after the switch to fingolimod), the 
interferon β-1a group showed a statistically significant increase 
in the proportion of patients with NEDA to 66% (i.e. 21.7% in-
crease). On the contrary, for the fingolimod group, the contin-
uation of the same drug resulted in an insignificant increase, 
to 69%. Hence, by relying on NEDA as an outcome measure, it 
seemed that there was a striking difference in the therapeutic 
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effect between the two DMTs, in favor of fingolimod. However, 
there is a point demanding special attention: the disability pro-
gression. Both criteria of disability confirmation, i.e. persistence 
over 3 or 6 months, showed statistically insignificant differ-
ences between groups throughout the whole period of study. 
More specifically, after the switch, the proportion of patients 
with 3 months CDP was 21% for interferon β-1a and 22% for 
fingolimod. Similarly, with 6 months CPD the proportions were 
15% and 17% respectively (26). Therefore, there is a striking 
discrepancy between NEDA and disability progression. But the 
latter is included in the former and subsequently NEDA should 
have been affected by the proportion of patients with disability 
progression, resulting in a non-significant difference for NEDA 
as well. In order to clarify this point we propose an alternative 
interpretation of  these findings of the study, as illustrated in 
figure 1. In short, after exposition to a DMT improving NEDA, 
the patients with the better course (without disability  progres-
sion) of their disease continue to improve even more (as esti-
mated by NEDA proportion), while those with the worse course 
remain unaffected. 

 A         B 
 (Before switch)  (After switch) 

With Disability 
Progression 

Without Disability 
Progression 

ΝEDA 

With Disability 
Progression 

Without Disability 
Progression 

ΝEDA 

1 

2 

Figure 1

Column A represents the patients in the group of interferon 
β-1a, before switching (at first year of study) and column B 
after switching (at the second year of study). The patients in 
column A were divided in two sets: 1. With disability progres-
sion, 2. Without disability progression. Group 1, in the first row, 
remained unchanged (i.e. the proportion of patients with dis-
ability progression was equal to fingolimod during first year. 
After switching, during the second year, the equality was sus-
tained). Group 2, in the second row, includes a subset of pa-
tients with NEDA. This subset, during the first year of the study, 
was already significantly smaller in interferon β-1a group than 
fingolimod. This subset increased in favour of fingolimod after 
switching during the second year. That is, the patients with the 
better course of the disease from the beginning (without dis-
ability progression, group A, 2) improved even more. 
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P-value per se
The meaning of the p-value (the threshold 0.05). 

The conceptual definition (without mathematical formula-
tion) of the p-value may be the following. It is the value of prob-
ability of the data under examination, or even smaller values, 
provided the null hypothesis is true (27). This definition may be 
further divided in two conceptual steps:

1. The observed data may correspond to a probability
value (p-value or less) in the tails of probability distribution, 
given the null hypothesis.

2. There are two hypotheses for testing, before any ex-
perimentation: the null hypothesis and the alternative hypoth-
esis. After the calculation of type I (α) and type II (β) error, and 
using both of them, we define the critical region and accord-
ingly accept/reject the null or alternative hypothesis (28).

The first step was introduced by Ronald A. Fisher and the sec-
ond by Jersey Neyman and Egon Pearson. Among them, there 
was a conceptual and methodological-philosophical gap. Nev-
ertheless, the concept of p-value used after them and up to this 
day is a hybrid of the two conceptual steps. None of the found-
ers intended this interpretation of the p-value (28). Accord-
ing to Steven Goodman, the most pernicious misconception 
around the p-value is believing that a 0.05 value represents a 
5% chance of the null hypothesis to be true (27). This miscon-
ception and the definition of the p-value in the beginning of 
the paragraph differ at the point that the definition considers 
as given that the null hypothesis is true and does not attribute 
any probability of being true to either the null or the alternative 
hypothesis. Nevertheless, the p-value deviated from its original 
meaning and is used in every day scientific research practice as 
a threshold of truth.

An extension of the misconception around the p-val-
ue is that it denotes the false positives of the null hypothesis. 
Nevertheless, a method employing Bayes theorem and the like-
lihood ratio (Bayes factor) has been proposed by Colquhoun 
(29) in order to calculate more precisely the false positive risk, 
which is the complementary of positive predictive value. He 

points out that if you get a p=0.05 from your analyzed data, 
then the probability of being wrong is at least 30%, and even 
higher if the study is underpowered (30). Colquhoun construct-
ed a free access web page for the calculation of false positive 
risk, requiring the user to provide the sample sizes, the level of 
p-value, the prior probability and the standardized effect size: 
http://fpr-calc.ucl.ac.uk/.

  Replication crisis  
During the last twenty years, there has been a growing body 

of evidence questioning the validity of research findings (31), 
culminating in a 2005 publication by Ioannidis (32). Ioannidis 
mentioned that the increased number of false positives due to 
the use of the p-value threshold is an important factor contrib-
uting to the replication crisis. One corrective proposal concern-
ing the p-value was signed by 72 renowned statisticians and 
epidemiologists (33). Its authors proposed lowering the p-val-
ue threshold to 0.005, which is 10 times lower than its current 
value. With the use of Bayesian statistics, it was shown that the 
number of false positives decreases down to 5% if the p-value 
threshold is set to 0.005. In addition, on March 20, 2019, the 
American Statistician journal dedicated a whole supplement to 
the subject: “Statistical Inference in the 21st Century: A World 
Beyond p < 0.05” (34). On the same day, a plea was published 
in Nature to “retire statistical significance” (35). The plea was 
signed by more than 800 statisticians and epidemiologists 
around the globe. This indicates a significant consensus on the 
role of the p-value threshold on the depreciation of the validity 
of research findings.

Significance tests are used in every scientific field and 
of course in RCTs. Hence a number of comparisons should be 
false positives, especially those with marginal significance. We 
would like to mention two large RCTs, for two different DMTs, 
that did not replicate their own previous results. The FREE-
DOMS trial of fingolimod showed a significant effect on the 
disability progression, 30% greater than placebo (HR=70%) 
(36). Nevertheless, the FREEDOMS II trial failed to reveal any 
significant effect on the disability progression in comparison 
to placebo (37). Exactly the same failure of duplicating the dis-
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ability progression effect occurred between DEFINE (38) and 
CONFIRM (39) trials of dimethyfumarate (DMF). The disability 
progression effect of the twice daily DMF in DEFINE trial was 
38% better than placebo, while in CONFIRM trial, the same two 
comparisons were equally effective. Do these discrepancies 
represent the noisy EDSS score mentioned above? Or rather 
the false positive results of the first trial of the couple of trials 
(FREEDOMS, DEFINE)? Or even the false negative of the second 
trial of the couples (FREEDOMS II, CONFIRM)? The questions 
could not be answered. The fact is the absence of replication.

Long-term DMT use and ethical issues 
In general, the majority of RCTs in MS, are well de-

signed, adequately powered, well conducted and of long 
enough duration (usually about 2 years). 

The long-term extensions of RCTs in MS, concerning 
the first line injectables, have shown convincingly, that 15 years 
after randomization, there was a substantial decrease in the 
ac-cumulation of disability (EDSS≥4 or ≥6) for the patients tak-
ing the injectable DMT (subcutaneous interferon β-1a) consis-
tently (high cumulative dose drug exposure), in comparison 
to those with intermittent use of DMT (low cumulative dose 
drug exposure) (40). The patients in the placebo arm were 
part of the last group of low dose drug exposure. In addition, 
the stron-gest predictor of the long-term disability 
accumulation was the EDSS change during the first two years 
after randomization (40). This change was equivalent to 30% 
benefit for the DMT group versus placebo (40). Besides that, 
21 years after random-ization, a significant number of the 
patients assigned to sub-cutaneous interferon β-1b showed a 
considerable reduction in all-cause mortality. In terms of 
hazard rate, this reduction cor-responded to a 46.8%, in the 
proportion of deaths among DMT patients compared to 
placebo.   

The majority of RCTs used a placebo arm for compar-
ison to the novel therapy. According to the above-mentioned 
long-term disability accumulation and survival rates, every RCT 
designed with a placebo arm condemns the patients in this 
arm to long-term disability progression and decreased survival. 
Of course, this is a serious ethical issue.

This article is intended to be only a very short outline 
of several major methodological and statistical issues, con-
cerning the design, conduct and analysis of RCTs, drawing ex-
amples from the field of MS. It aims only to highlight several 
points of interest in order to facilitate the critical reading from 
the viewpoint of the clinicians.

Disclosures: The author declares no conflicts of interest rele-
vant to the present article.
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