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Abstract 

Background When running a randomized controlled trial (RCT), a clinical site may face a situation when an eligi-
ble trial participant is to be randomized to the treatment that is not available at the site. In this case, there are two 
options: not to enroll the participant, or, without disclosing to the site, allocate the participant to a treatment arm 
with drug available at the site using a built-in feature of the interactive response technology (IRT). In the latter case, 
one has employed a “forced randomization” (FR). There seems to be an industry-wide consensus that using FR can 
be acceptable in confirmatory trials provided there are “not too many” instances of forcing. A better understanding 
of statistical properties of FR is warranted.

Methods We described four different IRT configurations with or without FR and illustrated them using a sim-
ple example. We discussed potential merits of FR and outlined some relevant theoretical risks and risk mitigation 
strategies. We performed a search using Cortellis Regulatory Intelligence database (IDRAC) (www. corte llis. com) 
to understand the prevalence of FR in clinical trial practice. We also proposed a structured template for development 
and evaluation of randomization designs featuring FR and showcased an application of this template for a hypotheti-
cal multi-center 1:1 RCT under three experimental settings (“base case”, “slower recruitment”, and “faster recruitment”) 
to explore the effect of four different IRT configurations in combination with three different drug supply/re-supply 
strategies on some important operating characteristics of the trial. We also supplied the Julia code that can be used 
to reproduce our simulation results and generate additional results under user-specified experimental scenarios.

Results FR can eliminate refusals to randomize  patients, which can cause frustration for  patients and  study site per-
sonnel, improve the study logistics, drug supply management, cost-efficiency, and recruitment time. Nevertheless, FR 
carries some potential risks that should be reviewed at the study planning stage and, ideally, prospectively addressed 
through risk mitigation planning. The Cortellis search identified only 9 submissions that have reported the use of FR; 
typically, the FR option was documented in IRT specifications. Our simulation evidence showed that under the 
considered realistic experimental settings, the percentage of FR is expected to be low. When FR with backfilling 
was used in combination with high re-supply strategy, the final treatment imbalance was negligibly small, the propor-
tion of patients not randomized due to the lack of drug supply was close to zero, and the time to complete recruit-
ment was shortened compared to the case when FR was not allowed. The drug overage was primarily determined 
by the intensity of the re-supply strategy and to a smaller extent by the presence or absence of the FR feature in IRT.
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Conclusion FR with a carefully chosen drug supply/re-supply strategy can result in quantifiable improvements 
in the patients’ and site personnel experience, trial logistics and efficiency while preventing an undesirable refusal 
to randomize a patient and a consequential unblinding at the site. FR is a useful design feature of multi-center RCTs 
provided it is properly planned for and carefully implemented.

Keywords Drug supply chain management, Interactive response technology (IRT), Multi-center clinical trial, Poisson-
gamma model

Introduction
Randomization is a well-established and widely accepted 
method of treatment assignment in a randomized con-
trolled trial (RCT) [1]. Most RCTs enroll eligible partici-
pants sequentially, and for every subject in a sequence, 
the treatment group assignment is determined by 
chance, according to the randomization method chosen 
for the trial. Various randomization methods for RCTs 
are available [2]. Some recent papers discuss systematic 
approaches for choosing fit-for-purpose randomization 
methods for use in practice [3–5].

Many modern RCTs are run globally and utilize 
more than one research site (center) for study conduct. 
Multi-center RCTs enable broader coverage of patients 
across different geographies and can expedite the 
recruitment and completion of the study; however, they 
also pose some important methodological and practical 
challenges [6].

In practice, randomization is often implemented 
using the Interactive Response Technology (IRT). Two 
examples of IRT are the Interactive Web Response Sys-
tem (IWRS) and the Interactive Voice Response System 
(IVRS) [7]. IRT has many advantages for clinical trial 
management as it integrates tools for patient screen-
ing, recruitment, randomization, and monitoring, tools 
for drug supply management, and (sometimes) tools for 
electronic data capture [8]. In multi-center studies that 
use the IRT, one typically has two distinct randomiza-
tion schedules: the subject randomization list and the 
medication pack list. The IRT enables central randomi-
zation, where subjects are randomized across the centers 
following one common randomization list. This is dif-
ferent from center-stratified randomization, where sub-
jects within each center are randomized along their own 
center-specific randomization list. Central randomiza-
tion might be stratified by several important prognostic 
factors in which case a separate randomization list is pre-
pared for each stratum.

In a clinical trial with central randomization, an eligible 
participant is randomized to the treatment correspond-
ing to the next available number in the randomization 
list, and then a pack of medication from the stock at the 
study center that has recruited the participant is dis-
pensed. It is important to ensure scrambled kit IDs (for 

example, randomly permuted within the drug type) to 
prevent partial unblinding of the investigators through 
the divergence of the kit numbers [9]. Separating the ran-
domization list and the medication pack list helps reduce 
the drug wastage, e.g., drug kits can be used interchange-
ably across subjects and multiple visits, and if a subject 
withdraws from the study, the unused drug may be allo-
cated to other subjects in the same treatment group [10].

The drug supply at each study center should be suf-
ficient to cover the patient demand. Since with central 
randomization treatment assignments at any center are 
practically independent, approaching complete rand-
omization, the sequence of treatment assignments at any 
given center is completely unpredictable. Thus, ideally, 
all treatments should be available at any point of enroll-
ment. However, in practice, this may be unrealistic due 
to various reasons. For example, study drug may be very 
expensive; the centers participating in the study may fol-
low a competitive recruitment policy such that it is not 
known upfront how many patients will be recruited by a 
given center during a given study period; there could be 
large fast-recruiting centers where, due to chance, sev-
eral patients might be randomized to the same treatment 
before drug re-supplies are received so that the site will 
run out of this type of drug; unforeseen disruptions of 
the drug supplies chain might occur in some regions, etc. 
The provisions for shortage of drug supply at study cent-
ers should be made at the trial planning stage.

The following options can be considered to address the 
stockout of some (but not all) types of medication at a 
study site. The first option is to have IRT issue a refusal 
to randomize the patient if the medication type for the 
treatment the patient was supposed to be randomized to 
is absent at the site. This option is problematic because it 
makes a patient, often a seriously sick person who made 
an effort to arrive at the site, to be refused randomiza-
tion and treatment and return home, and possibly, dis-
continue the study because of this negative experience. It 
also causes a large frustration at the site who might pres-
sure the sponsor for randomization to the available treat-
ment at the site – or might keep the patient in the office 
trying to trick the system and call into IRT for randomi-
zation several times during the day in hopes that later in 
the day a treatment available at the site will come up for 
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randomization. The awareness that one type of drug is 
absent at the site might also lead to partial or complete 
unblinding.

The second option is to oversupply the sites with drug 
to make sure the stockout never happens. This might 
require large initial drug stocks and lead to drug waste, 
especially when the randomization visit medication can-
not be used for the later visits, or the study has several 
treatment arms. The third option, when the drug supplies 
are limited or expensive, is to use one of the dynamic 
allocation procedures designed for economical drug 
use, such as the modified Zelen’s approach [11, 12] or 
dynamic allocation with partial drug supplies sent to the 
study sites [13].

But often the most practical option is forced randomi-
zation (FR) [10] employed by IRT to randomize a subject 
when the corresponding treatment drug supply is not 
available at the site. With forced randomization, patients 
are allocated according to the pre-generated allocation 
schedule as long as the type of medication required for 
the randomization of the patient is available at their site. 
If such type of medication is not available at the site, the 
patient is allocated to the next free number in the ran-
domization list that corresponds to a treatment that 
is available at the site [10]. The next patient to be ran-
domized at a different site is allocated to the skipped 
treatment thus filling a gap in the allocation schedule (a 
technique called “backfilling”). Another approach is to 
cross out the skipped assignments from the randomiza-
tion list and not use them for later randomized patients 
(“no backfilling” option). Thus, forced randomization 
can be considered an allocation schedule-guided proce-
dure with a dynamic element that arises when the drug 
that corresponds to the next allocation is not available at 
the site. Forced randomization is mostly used in multi-
center trials with central randomization not stratified by 
the study center because in the latter case the drug sup-
ply needs are fully predictable except in cases of the drug 
damage or dispensation error.

Forced randomization should not be confused with 
the replacement of a randomized subject who did not 
complete the study with another subject, as may be done 
in Phase I studies; it should also not be confused with 
restricted randomization where the allocation probabili-
ties “force” a better balance in treatment arm totals at the 
end of randomization [2].

There are several advantages of designing an IRT to 
allow for FR. These advantages will be elaborated on 
momentarily. In essence, FR can help avoid refusals to 
randomize patients, which can cause frustration to the 
patients and the study personnel; it can also improve 
the trial logistics, drug supply management, and cost 
efficiency while maintaining the important statistical 

properties of the RCT. At the same time, FR does not 
eliminate the need for a careful drug supply planning – 
quite the opposite, the initial supplies and re-supply trig-
gers should be set to ideally result in no FR, and if this 
is not feasible, result in an acceptably small fraction of 
forced allocations.1

There seems to be an industry-wide consensus that 
using FR can be acceptable in confirmatory trials pro-
vided there are “not too many” instances of forcing; how-
ever, there is no guidance on what number accounts for 
“too many” forced allocations. The population-based 
analyses, most commonly employed in clinical trials, do 
not depend on the type of implemented randomization 
[2], and thus properly executed forced randomization 
that does not give rise to unblinding or bias, does not 
impact the analyses results. Therefore, the main goal of 
keeping the number of forced allocations low is to mini-
mize any potential for bias that might arise if the forced 
allocation is not executed properly (as will be shown in 
the examples below). Typically, with properly executed 
forced allocation, the reason for an occasional stockout is 
a random phenomenon of several allocations to the same 
treatment arm at the site that happen faster than the 
drug re-supply can arrive. For most studies, the spikes 
of enrollment of several patients randomized at the site 
within a day or two are rare [14]; having most of these 
subjects randomized to the same arm makes it even less 
likely. Small percentage of forced allocations, below or 
around 5% achievable with reasonable drug supply strat-
egies as the simulations below demonstrate, will result 
in the properties of the allocation procedure similar to 
those of the original procedure (as seen in [15]). Thus, the 
goal of minimizing the potential for bias can be achieved 
by focusing on the diligent drug supply management 
that avoids massive stockouts or unacknowledged by the 
sites drug resupplies and ensures that the reason for drug 
stockout is the random occurrence of several allocations 
to the same treatment at the site in a time interval too 
short for the re-supply drugs to arrive.

A better understanding of statistical properties of FR is 
warranted and will be pursued by the authors in the fol-
low-up work.

In this paper, we explore the phenomenon of FR in 
detail. In the next section, we describe different types of 
FR and examine its features through a simple example. In 
section “Potential merits and risks associated with forced 
randomization” we review some advantages of FR, list 

1  Throughout the paper, we will use the terms “forced allocation” and 
“forced randomization” interchangeably, acknowledging that forced alloca-
tion refers to an individual treatment assignment accounting for the avail-
ability of drug supply at the site, whereas forced randomization may refer to 
an individual treatment assignment and, more broadly, the method of per-
forming such treatment assignments.
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some relevant potential risks and outline risk mitigation 
strategies. In section “How frequent is the use of forced 
randomization option in practice?” we present the results 
of a search using Cortellis Regulatory Intelligence data-
base (www. corte llis. com) to understand the reported use 
of FR in clinical trials. In section “Planning for the forced 
randomization option at the trial design stage” we pro-
pose and conduct a simulation study to assess the impact 
of FR for a hypothetical clinical trial. Section “Conclu-
sion” provides a summary of our findings and discusses 
some future work.

Defining forced randomization and examining its 
features: The “What”
In this paper, we will use the term “forced randomiza-
tion” in accordance with the definition provided in [10], 
whereby forced randomization may occur when a site 
runs out of one particular type of medication but still has 
stocks of other treatments remaining, in which case the 
randomization may be restricted to the treatments for 
which the stocks of medication are available at the site. 
In many modern IRT systems, one can have four differ-
ent configurations to facilitate randomization in a multi-
center study (Fig. 1).

FR0a: FR is not allowed, that is, a subject can be ran-
domized only to the next treatment on the allocation 
sequence. Moreover, the IRT system does not authorize 

the randomization transaction unless all medication 
types are available at the site.

FR0b: FR is not allowed, but the IRT system does not 
require all medication types to be available at the site to 
authorize the randomization; i.e., only the medication for 
the next treatment on the allocation sequence needs to 
be available for randomization.

FR1: FR is allowed; the difference between the configu-
rations FR1a and FR1b is in how the subjects are rand-
omized after the forced randomization took place:

FR1a does not allow backfilling of the skipped assign-
ments on the allocation list. The IRT system assigns the 
next free number in the randomization list that cor-
responds to a treatment that is available onsite. Any 
skipped assignments on the allocation sequence are no 
longer available for randomization.

FR1b allows backfilling of the skipped assignments. The 
IRT system assigns the first unused assignment on the 
randomization list (including previously skipped assign-
ments, if any) that corresponds to a treatment that is 
available onsite.

To appreciate the difference between the IRT configu-
rations, consider a randomized, parallel group, equal 
allocation trial comparing the effects of two treatments, 
A and B. For simplicity of illustration, let us assume 
that the study has a single center (although in prac-
tice FR is mostly used in multi-center trials with central 

Fig. 1 Four different configurations for randomization in an IRT

http://www.cortellis.com
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randomization not stratified by study center). Suppose 
the randomization is performed using permuted blocks 
of length 4 such that for every four participants there are 
exactly 2 allocations to each of the treatments A and B. 
Suppose the randomization list for the first two blocks 
is |AABB|ABBA| and assume that initially there are two 
kits of drug A and three kits of drug B at the site (Fig. 2).

Assume that the first three patients are recruited by 
the site on the same day. Patients #1 and #2 are enrolled 
and both are assigned to treatment A according to the 

randomization list and based on the availability of drug 
A at the site. Note that after the first two patients have 
been randomized, there is a shortage of drug A at the site, 
and so a re-supply order will be made (Fig. 2, Call icon). 
It takes some time for the drug to be shipped and deliv-
ered, and in our example, we assume the shipment will 
be available at the site only by the time when patient #6 
is enrolled.

When patient #3 is enrolled, only drug B supplies are 
available. If the IRT system is configured as FR0a (Fig. 1, 

Fig. 2 The randomization flow for a “toy” example. Description for Figure 2: We have a 1:1 RCT with the permuted blocks of 4 as the method 
of randomization. The randomization list for the first two blocks is |AABB|ABBA|. Initially, there are two kits of drug A and three kits of drug B 
onsite. Patients are enrolled sequentially and must be randomized to treatment immediately. For patients 1 and 2, the randomized treatment 
assignment will be made consistently with the randomization list with all four IRT configurations. Subsequently, the randomized assignments will 
depend on the IRT configuration. If the IRT system is configured as FR0a, then patients 3, 4, and 5 will be sent home without being randomized 
because no drug A is available on site (therefore, randomization transactions are not authorized). The drug has been re-supplied at patient 6’s 
entry, and patients 6, 7, and 8 are randomized to B, B, and A, as scheduled. If the IRT system is configured as FR0b, then patients 3 and 4 are 
randomized to drug B as scheduled because drug B is available on site, and randomization transactions are authorized. Patient 5 will be sent home 
without being randomized because of the lack of drug A supply on site. The drug has been re-supplied at patient 6’s entry, and patients 6, 7, and 8 
are randomized to B, B, and A, as scheduled. If the IRT system is configured as FR1a, then patients 3 and 4 are randomized to drug B as scheduled, 
but patient 5 cannot be randomized to drug A because no drug A is available on site. Instead, patient 5 is “forced-randomized” to the next free 
number in the randomization list that corresponds to a treatment that is available (drug B in our example), and the fifth allocation (A) is crossed 
out to show that it can no longer be assigned. The drug has been re-supplied at patient 6’s entry, and patients 6, 7, and 8 are randomized 
to treatments that appear consecutively on the randomization list. If the IRT system is configured as FR1b, then patients 3 and 4 are randomized 
to drug B as scheduled, patient 5 is “forced-randomized” to receive drug B (because it is available), and the fifth allocation (A) will be provisioned 
for the next patient. The drug has been re-supplied at patient 6’s entry, and patient 6 is “forced-randomized” to drug A to backfill the previously 
unused position in the randomization list. Patients 6 and 7 are randomized to B and A, as scheduled
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Option FR0a), then the system first performs a check 
to see if all medication kit types (i.e., both A and B) are 
available, and only if this is the case, can a randomization 
transaction be authorized. In our example, this is not the 
case because drug A is not available, and thus patient #3 
will be sent home without being randomized (some con-
sequences of such a decision shall be discussed momen-
tarily). On the other hand, if the IRT system is configured 
as FR0b (Fig. 1, Option FR0b), then the IRT system skips 
the check of all medication kit types and performs the 
treatment assignment for the patient according to the 
randomization list only if that medication is available. In 
our example, this is indeed the case (i.e., the randomized 
assignment for patient #3 is B, and drug B is available); 
therefore, with FR0b patient #3 will be randomized to 
treatment B as intended.

For patient #4, the intended randomized assignment is 
treatment B, which is available at the site. However, with 
FR0a configuration, the randomization transaction will 
not be authorized due to the lack of drug A supply, and, 
therefore, patient #4 will be sent home without being 
randomized. By contrast, with three other configurations 
(FR0b, FR1a, and FR1b), patient #4 will be enrolled and 
randomized to treatment B as intended.

Let us consider the time point when patient #5 is 
enrolled. With both FR0a and FR0b, patient #5 will be 
sent home without being randomized because of the lack 
of treatment A at the site. However, with FR1a (Fig.  1, 
Option FR1a) and FR1b (Fig. 1, Option FR1b), patient #5 
will be randomized to the next free number in the ran-
domization list that corresponds to a treatment that is 
available (treatment B in our example). In other words, 
patient #5 will “skip” the fifth position of treatment A in 
the randomization list and will be “forced allocated” to 
treatment B that appears in the sixth position in the ran-
domization list (|AABB|ABBA|). Note that the fifth posi-
tion will be left unused at that time.

When patient #6 is enrolled, the medication re-supply 
has taken place, and both treatments A and B are avail-
able at the site. With both FR0a and FR0b, patient #6 will 
be randomized to treatment B according to the randomi-
zation list. With FR1a, the IRT system is configured to 
not allow backfilling of the skipped assignments, and so 
patient #6 will be assigned to the next free number in the 
randomization list that corresponds to a treatment avail-
able at the site (treatment B in the seventh position in 
the randomization list (|AABB|BBA|; treatment A in the 
5th position is crossed out to show that it can no longer 
be assigned). With FR1b, patient #6 will “backfill” the 
skipped treatment A in the 5th position in the randomi-
zation list (|AABB|ABBA|).

Finally, when patients #7 and #8 are enrolled, the ran-
domized treatments are available, and so these patients 

will be randomized as scheduled (with FR1a, the new 
block in the randomization list will be utilized).

Potential merits and risks associated with forced 
randomization: The “Why”
Merits
FR can improve patient burden as well as the flexibility 
of the trial logistics in several ways. First, the FR option 
avoids sending an eligible patient back home and depriv-
ing him or her from the opportunity to participate in the 
clinical trial – an ethical issue. Losing eligible patients 
can be extremely frustrating to the site that knows that 
some drug supplies are available, and it can also damage 
the sponsor relationship with the site. This could be espe-
cially damaging in studies of rare disorders where eligible 
participants are very hard to find. Some sites might also 
resort to inappropriate ways of dealing with such situa-
tion, e.g., giving the subject a drug kit available at the site 
without IRT randomization, or (with configuration FR1) 
waiting for a few hours and trying randomization again 
in hope that some patients are randomized at other sites 
and the drug available at the site will now be assigned. 
Forced randomization, on the contrary, guarantees an 
ethical treatment of the patient and the site personnel.

Second, a refusal to randomize a patient unblinds the 
site to the fact that at least one drug type is absent at the 
site which might lead to partial unblinding. In a 2-arm 
study, if several kits are present at the site when a refusal 
to randomize happened, the site knows these kits are of 
the same type and can later track subjects assigned to 
the same treatment, which increases the potential for 
unblinding through observed outcomes. In contrast, hav-
ing an FR option built in the IRT system allows for con-
tinuing the enrollment without a site being aware of the 
lack of a drug type at the site and thus removing the pos-
sibility of unblinding.

Third, the FR option allows to reduce the drug stocks 
at the site, which is especially impactful when the drug 
is novel and not available in large quantities. Thus, FR 
has a potential to accelerate the new drug development 
and bring the novel therapies to the patients faster. It can 
also reduce the drug costs when the drug is expensive 
and thus enable the clinical research. Overall, the need 
for FR is higher in trials where the drug is administered 
only once and thus the sites do not have additional sup-
plies for later visits that can be used for the randomiza-
tion visit as well. Studies with multiple treatment arms, 
more common nowadays, might also have an increased 
need of an FA option.

Fourth, if properly implemented, the forced randomi-
zation with the backfilling option can promote a good 
balance in treatment assignments as most gaps in the 
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allocation sequence caused by forced allocations are filled 
later.

Finally, including an FR option provides some mitiga-
tion to unforeseen temporary disruptions in the drug 
distribution logistics caused by natural disasters, pan-
demics, or other large-scale problems [16].

Limitations, risks, and risk mitigation strategies
In some circumstances, FR may lead to undesirable con-
sequences such as partial unblinding and potential for 
bias. The awareness of such possibility helps ensuring 
that the proper steps that prevent the unblinding and 
bias are taken. Table 1 provides some examples (albeit the 
list is not exhaustive) of potential risks associated with 
FR, types of bias that can arise, and possible risk mitiga-
tion strategies. Note that the mentioned risks should be 
regarded as theoretical concerns that could potentially 
arise under certain circumstances. In practice, normally 
neither the investigators nor the trial statisticians would 
be looking for clues that could be provided by FR. How-
ever, it may be prudent to review and assess the potential 
for such risks at the study planning stage and specify the 
parameters of the IRT accordingly.

FR may be at odds with the ICH E9 guidance [1] which 
specifies:

The next subject to be randomized into a trial should 
always receive the treatment corresponding to the next 
free number in the appropriate randomization schedule 
(in the respective stratum, if randomization is stratified).

For the studies with FR, we suggest the following modi-
fication of the rule above:

The next subject to be randomized into a trial receives 
the treatment corresponding to the first free number 
(that corresponds to the available kits at the site) in the 
appropriate randomization schedule (in the respective 
stratum, if randomization is stratified).

In studies with backfilling, the first free (unused) num-
ber on the schedule might be followed by one or more 
numbers already assigned to force-randomized subjects. 
In studies without backfilling, when a patient is force-
randomized, all numbers preceding his or her alloca-
tion on the allocation schedule are made unavailable 
(no longer free to be assigned). Such unfilled gaps in the 
allocation schedule might lower the balance in treatment 
assignments at the end of randomization.

While the ICH E9 guidance was developed before the 
wide adoption of IRT, since than the broad use of IRT in 
multi-center clinical trials made central randomization, 
where subjects are randomized across the centers rather 
than according to a center-stratified schedule, an easily 
available and most commonly used option. The need to 
support often unpredictable drug needs at the sites leads 
to the FR option [10].

Since no regulatory guidance on the topic of FR is avail-
able in publications, a common question that arises at 
study design is “How many forced allocations are accept-
able in the study?” Setting a limit (a cap) on the number 
of forced allocations does not solve the problem of how 
to handle the unexpected drug shortages: it just pushes 
the problems faced in absence of required drug later in 
the enrollment. Instead, a careful drug supply planning 
and execution is required to minimize the percentage of 
forced allocations.

Overall, the need for careful specification of all details 
of FR (e.g., a mention of that only the drug supply man-
ager is notified of instances of forced allocation, the use 
of scrambled allocation numbers, etc.) cannot be under-
estimated. When sequential patient IDs (allocation num-
bers on the randomization schedule) are used in a study, 
a person with access to the complete sequence of alloca-
tion numbers and dates/times of randomization might be 
able to identify instances of forced allocation by looking 
at allocation numbers deviating from the chronological 
order. In practice, only the dates of randomization (not 
times) are typically available in the data collection sys-
tems; moreover, these dates are collected locally, accord-
ing to the time zone of the site. Thus, the exact order of 
allocation typically cannot be derived from available data, 
and thus only some, but not all forced allocations can be 
identified other than by the IRT system. Nevertheless, 
if potential for partial unblinding caused by identified 
forced allocations is a concern, the IRT can be set up to 
use scrambled allocation numbers. Using scrambled allo-
cation numbers is generally a good practice.

How frequent is the use of forced randomization 
option in practice?
To gain a better understanding of the prevalence of FR 
in clinical trial practice, we conducted a search using 
the Cortellis Regulatory Intelligence database (IDRAC) 
(www. corte llis. com). Figure 3 summarizes the document 
selection process.

We specified the search term “forced randomization” 
among the documents of the Report type = Regulatory. 
As of October 10, 2023, a total of 19 documents with Sta-
tus = Valid were identified. After further scrutiny of the 
identified documents (cf. Fig. 3), a total of 9 documents 
were included in the analysis. The characteristics of these 
documents are summarized in Table 2.

Overall, only 8 unique trials reported to have used 
forced randomization. The reported percentage of forced 
allocations ranged from 0.34 to 7.76%. It should be noted 
that 7.76% was an outlier among the set of trials; the next 
highest percentage was 3.30%.

In general, no information was provided on how FR 
patients were addressed in the analysis; FR were most 

http://www.cortellis.com
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often counted as protocol deviations. One document 
described including the FR patients in the efficacy analy-
ses according to their planned treatment (a problematic 
approach in our view), and for the safety analyses accord-
ing to the actual treatment (one reviewer document 
requested that this was done); the safety analysis using 
“as treated” approach is also standard across industry.

One interesting finding was related to the interpre-
tation of what constitutes a FR. It is very clear that the 
definition of “forced randomization” related to the dis-
pensation of medication kits as the unit of randomiza-
tion, i.e., whenever the kit rather than the pre-generated 
randomization schedule was the driving factor, a patient 
would be considered as “forced”. This means that there 
can be different categories of forced randomizations. 
This was most clearly articulated in one of the documents 
(IDRAC 304185 in Table  2), where the following three 
types of “forced randomization” were described:

1. “Manual randomizations, [where] subject could have 
received the correct treatment allocation per rand-
omization or could have led to incorrect treatment 
allocation.”

2. “Forced randomization [that occur via] programmed 
algorithm to the correct treatment assignment per 
original randomization scheme.”

3. “Forced randomization [that occur via] programmed 
algorithm to the incorrect treatment assignment.”

Most frequently, however, “forced randomization” 
related to the definition classified in the quote’s 3rd sce-
nario above.

Given the small number of reports uncovered through 
the search, it is unclear how representative these trials are 
with respect to the approaches to forced randomization. 
Based on conversations with IRT providers, the use of FR 
is much more common in multi-center trials. The speci-
fications of the randomization procedure, including the 
details on the randomization method (permuted blocks 
or another type) and whether the forced randomization 
is allowed, backfilling is used, the cap on the number of 
forced randomizations is set, etc., are listed in the IRT 
specifications document. These details are not included 
in the protocol to disclose as little as possible to the 
investigators and thus minimize the potential for selec-
tion bias. Considering that the described randomization 
procedure is followed in the study, it is unclear why the 

Fig. 3 Document selection process in Cortellis using the search term = “forced randomization”. Abbreviations: IVD = In vitro diagnostics; EPAR = 
European public assessment report; BLA = Biologic License Application; NDA = New Drug Application
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instances of forced randomization should be considered 
as a deviation from the protocol.

Planning for the forced randomization option 
at the trial design stage: The “How”
The need for FR should be carefully assessed at the study 
design stage. For instance, if drug supply is scarce and 
the drug cost is high, then instead of using the central 
(unstratified) randomization schedule, one may consider 
center-stratified randomization that will obviate the need 
for FR. If stratification on several prognostic factors is 
required, a stratified modified Zelen’s approach or some 
other dynamic allocation procedures that operate with a 
limited stock on site while providing across study balance 
in prognostic factors can be used [10, 13]. Alternatively, 
special designs that are explicitly based on cost-efficiency 
considerations may be considered [27].

If central randomization is necessary and FR is an 
acceptable option, care should be taken to mitigate the 
risk of partial unblinding and risks of other potential 
biases, as described in Table 1. In addition, the designer 
of a clinical trial may consider performing Monte Carlo 
simulations to estimate the expected percentage of forced 
randomizations and other operating characteristics 
given the assumptions and the input parameters for the 
study. In what follows, we describe a structured approach 
for developing and evaluating different randomization 
designs with or without FR through simulation.

Simulation study setup
A simulation protocol is an essential document for plan-
ning in silico experiments in drug development [28, 29]. 
This protocol should capture the key input parameters, 
clinical trial assumptions, the processes to be simulated, 
the operating characteristics of interest, the procedures 
to be compared, and other relevant details.

Throughout, we shall assume that the trial is designed 
as a randomized, parallel-arm, multi-center study using 
central randomization (i.e., study participants may be 
recruited by different study centers but are randomized 
according to a common randomization sequence that 
can be pre-generated). In this version, we assume for 
simplicity that each patient receives a treatment kit just 
once – at the randomization visit. In other words, once a 
participant is recruited and randomized, he or she should 
be immediately supplied with a single kit of randomized 
treatment (A or B) and subsequently there will be no 
need for additional drug supply for this participant. Some 
important parameters for simulation are:

(a) Sample size ( n ) – the total number of patients to be 
randomized in the study.

(b) Number of treatment arms – e.g., two-arm study in 
our example.

(c) Target treatment allocation ratio –  e.g., 1:1 corre-
sponds to a two-arm equal allocation in our exam-
ple.

(d) Randomization method to implement (exactly or 
approximately) the target allocation ratio – e.g., 
permuted blocks or some other method.

(e) Patient recruitment process – e.g., Poisson-gamma 
recruitment model [30], in which case some addi-
tional parameters need to be specified:

• Number of study sites/centers ( N).
• Recruitment policy for the sites – e.g., competi-

tive, balanced, or restricted recruitment policy 
[31].

• Site activation model – e.g., sites are activated over 
a given time interval.

• Recruitment rates for the sites – e.g., rates consti-
tute a random sample from a gamma distribution 
with given hyperparameters.

(f ) Drug supply chain management parameters:

• Initial supply to the study sites.
• Frequency of evaluation of drug supply levels 

across the sites – e.g., once a week.
• “Trigger” level – the condition for a current level 

of drug supply on site under which a re-supply 
order is made.

• Re-supply policy – how many drug kits should be 
sent to a site upon request.

(g) Delivery time to the sites – fixed or random (it may 
also depend on the site geography).

(h) Cost of drug supply and shipment.
(i) Other parameters that may be deemed appropriate 

for the trial.

The main purpose of a simulation study may be to com-
pare—for a set of chosen trial assumptions—the four 
selected configurations of the IRT (cf. Fig. 1) in terms of 
the operating characteristics that may include:

• Treatment imbalance at the time of reaching tar-
get recruitment (difference between the number of 
patients randomized to A and B).

• Proportion of forced allocations during the recruit-
ment period.
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• Proportion of patients sent home (not randomized) 
due to lack of drug supply at study sites (applies to 
FR0a and FR0b only).

• Number of patients who are waitlisted (this is in a 
situation where there is no drug available at the site; 
patients are called to stay at home and allocated once 
adequate drug supply is available at that site, right 
after the supply arrives).

• Number of patients who are not allocated (this is 
the number of patients left on the waiting list once 
target recruitment is reached). In practice, these 
patients would most likely be randomized resulting 
in the actual number of allocated subjects exceed-
ing the planned allocation number. But to have a 
cleaner comparison of the options, we assumed the 
randomization is stopped when the target number is 
achieved.

• Drug supply overage: (total drug – ideal amount)/
ideal amount, where ideal amount in the 1:1 example 
considered in this paper is the amount of drug supply 
under the (unrealistic) assumption of the distribution 
of n/2 kits of each drug type A and B per treatment 
group (assuming n is even).

• Time to complete the recruitment by enrolling and 
randomizing n patients in the study.

An example
Consider a multi-center 1:1 RCT with two treatments, A 
and B. The total number of patients to be randomized is 
n = 500 . The randomization method is central (unstrati-
fied) permuted block design (PBD) with blocks of fixed 
length of 4; that is, treatment assignments are generated 
sequentially in blocks of 4 such that within each block 
exactly 2 allocations are made at random to each of the 
treatments A and B. Assume there are N = 80 centers 
which follow a competitive recruitment policy, i.e., there 
is no restriction on the number of patients recruited per 
center, and the recruitment stops once n patients have 
been randomized into the study. The target recruitment 
period is T = 12 months. Study centers are activated 
independently, and the activation time for the i th center 
is ui ∼ Uniform(0, 4) , i.e., it is assumed that all centers 
are activated during the first 4 months.

Assume a Poisson-gamma process for patient recruit-
ment [30] with a medium mean recruitment rate of 0.525 
patients per center per week ( m = 0.525/7 = 0.075 
patients per center per day). Then by setting α = 1.2 and 
β = α

m = 16 , the recruitment rate for the ith center is 
� i ∼ Gamma(α ,β ) = Gamma(1.2, 16) . Here ( α , β ) 
are the shape and rate parameters of a gamma distribu-
tion with probability density function 
p(x|α ,β ) =

β α

Ŵ (α )
xα −1e−β x , x > 0 , in which case E� i =

α
β

 and 

var � i =
α

β 2
 . The � i ’s are independent and identically dis-

tributed gamma random variables.
We will assume that for all active centers drug supply 

levels are evaluated on a weekly basis, at times = 7, 14, … 
Let kA,i(t) be the number of kits of drug A available at the 
i th center at time t > 0 , and kB,i(t) be the similar quan-
tity for drug B. A re-supply order for drug A is made for 
the ith center, if kA,i(t) ≤ Crit , where Crit is a pre-deter-
mined small positive integer that defines the trigger event 
for drug re-supply.2 Likewise, a re-supply order for drug 
B is made for the ith center, if kB,i(t) ≤ Crit.

In our simulation study, we will compare the perfor-
mance of 4 different IRT system configurations (see 
Fig. 1) and 3 different supply/re-supply strategies—Low, 
Medium, and High—that are characterized by different 
levels of initial supply, trigger levels, and re-supply poli-
cies (see Table 3).

With the Low strategy, initially 2 kits of each treat-
ment A and B are supplied to the site upon its activa-
tion. The initial numbers of treatment A and B kits per 
site are (3, 3) for the Medium strategy, and (4, 4) for 
the High strategy. As the site recruits and randomizes 
patients, the amount of drug supply available at the site 
will decrease over time, necessitating a re-supply order. 
Suppose at time t > 0 , kA,i(t) = 1 and kB,i(t) = 0 (one kit 
of drug A and no kits of drug B are available at the ith 
site). In this case, with the Low strategy, a re-supply order 
is made in the amount of 1 kit of drug A and 2 kits of 
drug B to achieve fixed levels of drug supply kA = 2 and 
kB = 2 . In the same example ( kA,i(t) = 1 and kB,i(t) = 0 ), 
the Medium and High strategies would request differ-
ent amounts of re-supply: the Medium strategy would 
request 3 kits of drug A and 4 kits of drug B to achieve 
fixed levels kA = 4 and kB = 4 , whereas the High strategy 

Table 3 Drug re-supply strategies

a A re-supply order for drug d ( d = A, B ) is made for the ith center, if 
kd,i(t) ≤ Crit

b A re-supply order is made for the ith center to achieve the specified number of 
( kA , kB ) kits at the center

Low Medium High

Initial drug supply ( kA,0, kB0) (2, 2) (3, 3) (4, 4)

Trigger level
(Crit)a

1 1 2

Re-supply policy (to achieve the speci-
fied levels ( kA , kB ) of drug onsite)b

(2, 2) (4, 4) (5, 5)

2  In practice, the choice of the value of Crit will depend on the trial assump-
tions/parameters such as the site recruitment rates, the drug delivery time 
to the sites, etc. For any specific trial it can be determined using simulation 
setup described above with input from the clinical trial management team, 
drug supply management, study investigators, and other relevant stakehold-
ers.
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would request 4 kits of drug A and 5 kits of drug B to 
achieve fixed levels kA = 5 and kB = 5 (see Table 3).

Results for the “base case” scenario
For the described experimental setting, which we refer to 
as the “base case” scenario, we simulated patient enroll-
ment and randomization under 12 different approaches 
– i.e., 12 combinations of an IRT configuration (FR0a, 
FR0b, FR1a, FR1b) in combination with a re-supply strat-
egy (Low, Medium, High). For each considered approach, 
a trial was simulated 5,000 times. The design operating 
characteristics are summarized in Table S1 in the Supple-
mental Appendix. The key results are displayed in Figs. 4 
and 5 below.

Figure  4a shows the mean with associated uncer-
tainty (quantified by a 90% upper confidence limit, UCL, 
defined as 1.645*SD, where SD is the simulated standard 
deviation) of treatment imbalance for the 12 considered 
approaches. When FR was not allowed (FR0a or FR0b), 
then irrespective of the resupply strategy (Low, Medium, 
or High), the final treatment numbers were always 

balanced (cf. first six categories in Fig. 4a) since the rand-
omization schedule was strictly followed. For FR without 
backfilling (FR1a), the final imbalance could be non-zero 
(on average, at most ~ 6.4; categories 7, 8, 9 in Fig.  4a). 
However, when FR with backfilling was used (FR1b), the 
imbalance was nearly zero, irrespective of the re-supply 
strategy (cf. categories 10, 11, 12 in Fig. 4a).

Figure  4b displays the mean (90%UCL) of proportion 
of forced allocations for the 12 approaches. This propor-
tion was equal to 0 in situations when FR was not allowed 
(FR0a or FR0b) (cf. first six categories in Fig.  4b). For 
FR1a and FR1b (cf. categories 7–12 in Fig. 4b), the aver-
age proportion of forced allocations was small but non-
zero. It was ~ 7% for FR1a with Low re-supply strategy, 
and it was ~ 5% for FR1b with Low re-supply strategy. 
At the same time, with High re-supply strategy, this pro-
portion was ~ 1% for both FR1a and FR1b. Therefore, 
increasing the intensity of drug re-supply from Low to 
High helped significantly reduce the need for forced 
allocations.

Fig. 4 Operating characteristics of 12 randomization approaches under the “base case” scenario

The displayed operating characteristics are: final treatment imbalance (top left plot); proportion of forced allocations (top right plot); proportion 
of patients not randomized due to drug supply shortage (bottom left plot); and drug overage (bottom right plot). The height of each bar (rectangle) 
is the simulated mean value of the measure of interest. Error bars are added to quantify uncertainty. The width of each error bar is equal to 1.645*SD, 
where SD is the simulated standard deviation of the measure of interest
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Figure  4c shows the mean (90%UCL) of proportion 
of patients sent home (not randomized due to a lack of 
drug supply on site) for the 12 approaches. This propor-
tion was calculated relative to the targeted sample size 
( n = 500 ). In our considered setting, this proportion was 
highest (on average, ~ 12%) for FR0a with Low re-supply 
strategy. At the same time, with High re-supply strategy, 
this proportion was, on average, ~ 1% for FR0a and FR0b. 
Using configurations with FR allowed (FR1a or FR1b) in 
combination with any re-supply strategy helped ensure 
that the proportion of patients sent home was zero (cf. 
categories 7–12 in Fig. 4c).

Figure 4d shows the mean (90%UCL) of drug overage 
for the 12 approaches. One can see that the drug over-
age depends mainly on the re-supply strategy – Low, 
Medium, or High – and to a lesser extent on the IRT 
configuration. As expected, the overage was lowest 
(~ 47–52% higher than the “ideal”) with the Low re-sup-
ply strategy; it was ~ 82–88% higher than the “ideal” with 
the Medium re-supply strategy; and it was ~ 114–118% 
higher than the “ideal” with the High re-supply strat-
egy. For any given re-supply strategy, FR1a had a slightly 
lower overage compared to the other IRT configurations, 
which may be due to that FR1a came along with the high-
est percentage of forced allocations.

We also obtained the summaries of the number of 
patients who were waitlisted and the number of patients 
who were not allocated (remained on the waiting list at 
the time when the recruitment was completed) with the 
12 considered approaches. With FR0a, the number of 
patients waitlisted and not allocated was exactly zero for 
all re-supply strategies. With FR0b and Low re-supply 
strategy, on average, there were about 6 patients wait-
listed and 0.1 patient not allocated. Using a High re-sup-
ply strategy reduced these numbers to near zero. With 
FR enabled, the average numbers of patients who were 
waitlisted and not allocated increased: with FR1a and 
Low re-supply strategy, about 20 patients were waitlisted 
and 0.6 patients not allocated; with FR1b and Low re-
supply strategy, there were 13 patients waitlisted and 0.4 
patients not allocated. Changing the re-supply strategy to 
High resulted in < 1 patient waitlisted and < 0.03 patients 
not allocated with both FR1a and FR1b.

Figure  5 displays the histograms of the simulated dis-
tribution of total time to complete study recruitment for 
the 12 approaches. Overall, the shapes of the histograms 
are very similar. In our considered experimental setting, 
it took, on average, between 144 and 154 days to enroll 
and randomize 500 patients with the 12 approaches. The 
largest average time (154 days) was for FR0a with Low re-
supply strategy which is consistent with the highest per-
centage of subjects refused randomization. The similar 

quantity for forced randomization with backfilling (FR1b) 
and High re-supply strategy was ~ 144 days.

Results for the “slower recruitment” scenario
We performed additional simulations to investigate the 
sensitivity of the results to change in trial assumptions. 
The “slower recruitment” scenario had the mean recruit-
ment rate of 0.3 patients per center per week, i.e., ~ 43% 
slower recruitment compared to the “base case” sce-
nario of 0.525 patients per center per week, which cor-
responded to a Poisson-gamma recruitment model with 
�i ∼ Gamma(1.2, 28) instead of Gamma(1.2, 16) . The 
operating characteristics under the “slower recruitment” 
scenario are summarized in Table S2 in the Supplemental 
Appendix, and the key findings are highlighted below:

• Treatment imbalance was zero for FR0a and FR0b; 
it was small but not zero (and slightly reduced com-
pared to the “base case” scenario) for FR1a; and it 
was negligibly small (on average, < 1) for FR1b with 
any re-supply strategy.

• The proportion of forced allocations was zero for 
FR0a and FR0b; it was small but not zero for FR1a 
with Low re-supply strategy (e.g., ~ 5% under “slower 
recruitment” vs. ~7% under “base case”); and it was 
at most 2% for FR1b.

• The proportion of patients sent home was zero for 
FR1a or FR1b in combination with any re-supply 
strategy. For FR0a and FR0b, this proportion was 
small but not zero (e.g., for FR0a with Low re-supply 
strategy, it was ~ 5% under “slower recruitment” vs. 
~12% under “base case”).

• The drug overage results were, overall, consistent 
with those under “base case” scenario. The results 
depended mainly on the re-supply strategy but not 
on the IRT configuration. The overage was ~ 50–55% 
higher than the “ideal” with the Low re-supply strat-
egy; it was ~ 84–90% higher than the “ideal” with 
Medium re-supply strategy; and it was ~ 118–121% 
higher than the “ideal” with High re-supply strategy.

• The number of patients waitlisted, and the number of 
patients not allocated were smaller than those under 
“base case” scenario. With High re-supply strategy, 
these numbers were (nearly) zero for all four IRT 
configurations.

• The time to complete recruitment, on average, 
was ~ 207–215 days under “slower recruitment” 
(vs.~144–154 days under “base case”).

Results for the “faster recruitment” scenario
The “faster recruitment” scenario assumed the mean 
recruitment rate of 1.68 patients per center per week, i.e., 
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3.2 times higher rate compared to the “base case” sce-
nario of 0.525 patients per center per week, which cor-
responded to a Poisson-gamma recruitment model with 
�i ∼ Gamma(1.2, 5) instead of Gamma(1.2, 16) . The 
operating characteristics under the “faster recruitment” 
scenario are summarized in Table S3 in the Supplemental 
Appendix, and the key findings are highlighted below:

• Treatment imbalance was zero for FR0a and FR0b; 
it was small but not zero (and slightly higher than 

in the “base case” scenario) for FR1a; and it was still 
negligibly small (on average, < 1) for FR1b with any 
re-supply strategy.

• The proportion of forced allocations was zero for 
FR0a and FR0b; however, it was slightly increased 
compared to the “base case” for FR1a and FR1b. 
Under “faster recruitment”, the proportion of forced 
allocations was, on average, between ~ 5% (FR1a or 
FR1b used in combination with High re-supply strat-

Fig. 5 Histograms of simulated distributions of time to complete recruitment of 12 randomization approaches in the “base case” scenario
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egy) and ~ 12% (FR1a or FR1b used in combination 
with Low re-supply strategy).

• The proportion of patients sent home was zero for 
FR1a or FR1b in combination with any re-supply 
strategy. For FR0a and FR0b this proportion was 
increased compared to the “base case” scenario. For 
instance, FR0a with Low re-supply strategy resulted, 
on average, in ~ 52% of the targeted number of 500 
patients sent home due to the lack of drug sup-
ply. Using FR0a or FR0b with High Supply strat-
egy helped reduce this number to ~ 12% and ~ 6%, 
respectively. These numbers may be still regarded as 
high, indicating that an adjustment in re-supply strat-
egy (increased intensity) may be warranted.

• The drug overage results were, overall, consistent 
with those under “base case” scenario. The drug over-
age was primarily determined by the re-supply strat-
egy, and to a lesser extent on the IRT configuration. 
The overage was ~ 46–49% higher than the “ideal” 
with Low re-supply strategy; it was ~ 83–87% higher 
than the “ideal” with Medium re-supply strategy; and 
it was ~ 111–115% higher than the “ideal” with High 
re-supply strategy.

• The number of patients waitlisted, and the num-
ber of patients not allocated increased substantially 
across the board, besides when FR0 was used, where 
it stayed at exactly 0. For instance, ~ 79 patients were 
waitlisted and ~ 7 patients were left not allocated, on 
average, when using FR0a with Low re-supply strat-
egy. Overall, the largest values for number of patients 
waitlisted and not allocated were with FR1a in com-
bination with Low re-supply strategy, with ~ 134 
patients waitlisted and ~ 15 patients left waiting (not 
allocated), on average. The lowest values were with 
FR0b in combination with High re-supply strategy, 
where ~ 9 patients were waitlisted, and ~ 0.4 patients 
were left waiting (not allocated), on average.

• The time to complete recruitment, on average, was 
~ 75–95 days under “faster recruitment” (vs. 144–154 
days under “base case”). The longest average time (95 
days) was for FR0a with Low re-supply strategy. The 
similar quantity for FR1b and High re-supply strategy 
was ~ 74 days.

Additional simulations
To get further insights into statistical properties of IRT 
configurations and re-supply strategies, we ran a simula-
tion study assuming that a smaller number of study sites 
( N = 16 ) is used to recruit a smaller number of patients 
( n = 100 ). All other parameters (target trial duration, 
site activation pattern, Poisson-gamma model for patient 
recruitment, supply/re-supply levels) were kept the same. 

The detailed summaries of simulation results under three 
scenarios for the recruitment rate of patients per site per 
day ( m ) – “base case” ( m = 0.075 ), “slower recruitment” 
( m = 0.0429 ), and “faster recruitment” ( m = 0.24 ) – are 
presented in Tables S4–S6 in the Supplemental Appen-
dix. Overall, the results of these additional simulations 
with N = 16 and n = 100 were consistent in terms of 
time to complete recruitment and drug overage, as com-
pared with the original simulations with N = 80 and 
n = 500 . The numbers for imbalance, proportion of 
forced allocations, and number of patients waitlisted/not 
allocated tended to be smaller in the additional simula-
tions compared to the original simulations,

Further simulations can be easily performed using our 
developed Julia code, which is available at https:// github. 
com/ csch7/ forced- rando mizat ion.

Conclusions
Summary and discussion
In this paper, we investigated the phenomenon of forced 
randomization (FR), an approach for implementing 
randomized treatment assignments in the presence of 
some restrictions related to drug supply management in 
multi-center RCTs with central randomization handled 
by interactive response technology (IRT). When used 
properly, FR can help improve the logistics, drug sup-
ply management, duration of the enrollment and the 
cost-efficiency of the RCT – which may be particularly 
important in studies with expensive drug and/or in situ-
ations when the drug supply is scarce. At the same time, 
FR carries some potential risks that should be carefully 
reviewed at the study planning stage, and, ideally, pro-
spectively addressed through risk mitigation planning.

The planning of FR should be considered jointly with 
other components of a multi-center RCT, such as the 
patient recruitment process and the drug supply man-
agement model [30–35]. For understanding statistical 
properties of FR, Monte Carlo simulation studies can 
be useful and may be the only feasible option to obtain 
the operating characteristics for such complex processes 
[36]. We provided an example of applying our framework 
in a hypothetical multi-center 1:1 RCT with 500 patients. 
Our goal was to explore the effect of four different IRT 
configurations in combination with three different drug 
supply/re-supply strategies on some important operating 
characteristics of the trial. Our key assumptions for the 
“base case” scenario concerned the recruitment process 
(a Poisson-gamma model with 80 centers that were acti-
vated independently over a 4-month period and followed 
a competitive recruitment policy to enroll 500 patients in 
the target period of 12 months, with an average recruit-
ment rate of 0.525 patients per center per week), the 
drug supply management model (weekly inspection of 

https://github.com/csch7/forced-randomization
https://github.com/csch7/forced-randomization
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drug supply levels across the sites, three different choices 
of the intensity of drug re-supply – Low, Medium, and 
High, a fixed delivery time of 2 days from the central drug 
depository to any study center), and the randomization 
method (central, unstratified 1:1 randomization imple-
mented using permuted blocks of 4).

Table 4 summarizes our key findings from the simula-
tions, which can aid the reader to decide on what type 
of IRT configuration may be best suited for their trial, 
taking into consideration the recruitment speed and the 
proposed supply strategy.

Under the considered “base case” scenario for enroll-
ment and the supply/re-supply strategies, the percent-
age of forced allocations is expected to be in the range of 
1–7% for FR1a and FR1b. The treatment imbalance at the 
end of the study is small but non-zero when backfilling 
is not used (FR1a), and it is negligible when backfilling is 
used (FR1b). By using FR with or without backfilling, one 
can eliminate the chance of an undesirable event of not 
enrolling eligible patients into the study due to a lack of 
drug supply on site. As regards drug overage, we found 
that it is primarily determined by the intensity of the re-
supply strategy, and to a much smaller extent by the pres-
ence or absence of the FR feature in the IRT. Finally, the 
High re-supply strategy enables some reduction (~ 8–11 
days, on average) in the time to complete the target 
enrollment of patients, regardless of what FR option is 
chosen. For configurations that allow forced randomiza-
tion, such reduction is mainly achieved by eliminating 
situations when the site has no drug at all while patients 
are already available for randomization at the site. It 
should be noted that while the simulations assumed the 
patients sent home after coming to the site for randomi-
zation will return for randomization when the drug re-
supply arrives, in real life this negative experience might 
make the patient to change their mind about participa-
tion in a trial. With that, more patients will need to be 
screened and an impact on the duration of enrollment 
might be even higher.

Overall, under the “base case” setup, using FR with a 
carefully chosen supply/re-supply strategy can result 
in quantifiable improvements in the trial logistics and 
efficiency.

Clearly, the described findings depend on various 
assumptions, and investigating the sensitivity of the 
results to changes in the input parameters is very impor-
tant. We did two such sensitivity assessments (referred 
to as “slower recruitment” and “faster recruitment”) by 
changing an assumption on the mean recruitment rate – 
decreasing it by 43% or increasing it 3.2-fold compared to 
the “base case” scenario – and keeping all other param-
eters unchanged.

Under the “slower recruitment” scenario, the propor-
tion of forced allocation slightly decreased for FR1a and 
FR1b configurations compared to the “base case”. With 
backfilling (FR1b), irrespective of the re-supply strategy, 
the final imbalance was negligibly small. The drug over-
age results were consistent with those under the “base 
case” scenario. As expected, “slower recruitment” led to 
significant increase in the time to complete the target 
enrollment of patients.

Under the “faster recruitment” scenario, the proportion 
of forced allocation increased, albeit it was still relatively 
small (~ 5–12% depending on the IRT configuration 
(FR1a, FR1b) and the re-supply strategy). With backfill-
ing (FR1b), the final imbalance was still negligibly small, 
and the drug overage results were consistent with those 
under the “base case” scenario. “Faster recruitment” led 
to significant reduction in the time to complete the target 
enrollment of patients that varied between IRT strate-
gies, greatly favoring the options with or without backfill-
ing turned on (FR1a, FR1b).

Overall, based on our simulation evidence, forced ran-
domization with backfilling (FR1b) in combination with 
High re-supply strategy seems to be the optimal choice 
for the considered experimental settings.

In practice, a trialist is often asked to define a “cap” 
when including FR in the IRT. This cap reflects the num-
ber of patients that the trialist will be comfortable with 
to be forced randomized during the recruitment period 
of the trial. Once this cap is reached, the IRT system will 
no longer allow additional forced randomizations. For 
example, our simulations show that for the “base case” 
recruitment scenario, a cap of ~ 10% of the overall sam-
ple size would not interfere with randomization in 90 or 
more percent of cases for FR1a option with Low re-sup-
ply strategy, whereas a cap of 2.5% would suffice for the 
same purpose when considering FR1a option with High 
re-supply strategy (see Table S1 in Supplemental Appen-
dix). However, if the recruitment is slower or faster, the 
value of the cap needs to be adjusted. Likewise, if we con-
sider using FR1b option, the “optimal” value of the cap 
will depend on the recruitment speed, re-supply strategy, 
and possibly other parameters of the trial.

During this research the authors frequently discussed 
the purpose of choosing and setting a cap in the hopes of 
providing the reader with a helpful strategy. In our opin-
ion, setting the cap does not solve the problem of what 
to do in case of drug shortages, but just postpones it to a 
later moment in the trial if the drug supply strategy does 
not support the cap. If the cap is reached in the middle 
of the trial, it means that the randomization strategy is 
different between  the first part of the trial and the rest 
of the trial, which is also undesirable. Overall, we think 
that rather than setting the cap on the number of forced 
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allocations, an alert should be set at a small number of 
forced allocations for the drug manager to investigate the 
cause and evaluate whether there are other mitigation 
factors that could be put in place to reduce further forced 
randomizations (e.g., by improving the supply strategy, 
re-enforcing sites in acknowledging the receipt of the 
supplies, better supporting the sites with high enroll-
ment, etc.).

When using forced randomization, we recommend the 
backfilling of skipped allocations on the randomization 
schedule. As the simulations show, this approach leads 
to a better balance in treatment assignments at the end 
of the trial and smaller percentage of forced allocations 
in considered examples. Additionally, if some sites expe-
rience a temporary shortage of one drug (for example, 
drug A) during a certain time period, the backfilling will 
allow other sites that have the drug available to backfill 

Table 4.  Decision table based on the key simulation findings under the considered scenarios

“Non-zero” balance for FR1a refers to the possibility of observing a quite significant treatment imbalance depending on the number of skipped randomization 
numbers on the list that are not backfilled (thereby closing the gap towards complete balance). “Almost perfect” balance for FR1b can be observed despite back-filling 
depending on the resupply levels at other sites. However, due to the backfilling option this will be markedly lower than the FR1a option
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the skipped A assignments and maintain balance in treat-
ment assignments in time. Without backfilling, there will 
be more allocations to drug B than to drug A during this 
time period and the accumulated imbalance in treat-
ment assignments will never be recovered. This could 
also lead to an accidental bias if a time trend in outcomes 
is present. A massive stockout when all sites experience 
absence of the same drug should be avoided with any 
randomization strategy as it could lead to biased results.

A great advantage of FR is that the sites and the study 
team remain unaware of the fact that forced allocations 
took place and thus remain properly blinded. The noti-
fications that forced allocations took place for specific 
subjects should only go to the unblinded drug supplies 
managers, who will not communicate it to the study 
team. To better conceal the instances of forced alloca-
tions it is recommended to use scrambled allocation 
numbers, since otherwise allocation numbers out of 
chronological order of randomization might indicate a 
forced allocation. If the trial is open-label, caution may 
be warranted to ensure that FR is not influenced by other 
factors, such as using FR to “assign” patients with bet-
ter prognosis to the experimental treatment arm, e.g., by 
observing that only one drug type is present at the site, 
or even by purposefully destroying treatment kits labeled 
as the control arm. It should be acknowledged that vary-
ing other assumptions on the patient recruitment process 
and the drug supply chain parameters (e.g., the frequency 
of inspection of drug supply, the amount of initial supply/
re-supply, the trigger level, the time to deliver the drug 
to the site, etc.) may lead to some further useful findings 
and may supplement the ones obtained under the consid-
ered experimental settings. Our code for simulations is 
fully documented and can be used for this purpose (and 
it is available upon reasonable request).

Limitations and future work
While our simulation study has provided many useful 
insights into the phenomenon of FR, it has some limita-
tions. We focused on 1:1 RCT; however, modern clinical 
trials are increasingly designed as multi-arm clinical tri-
als with possibly unequal allocation ratios. We perceive 
that a general approach to FR issues in multi-arm tri-
als should be similar to the 1:1 RCT case, but there will 
be some nuances related to the choice of a randomiza-
tion method, e.g., permuted block design vs. some novel 
approaches such as brick tunnel randomization [37], 
block urn design [38], mass weighted urn design [39], 
etc. The supply/re-supply strategy would have to be fine-
tuned depending on the number of arms, treatment allo-
cation ratio, and other factors. With some complex trial 
designs such as platform trials [40], the considerations 
become more intricate as the number of treatment arms 

and the allocation ratio can be modified adaptively in a 
platform trial.

In our current study, we assumed that only one drug kit 
is required for each study participant, while in practice 
many studies use repeated dosing schedules, and there is 
a requirement that the drug is dispensed multiple times, 
beyond the “loading dose”, for each trial participant. 
The expiry of drug supply, potential drug kit damages 
and drug dispensing errors may be additional impor-
tant aspects that need to be accounted for and managed 
throughout the trial.

In the simulations, we assumed that the drug re-sup-
plies are triggered automatically based on the re-supply 
policy. In practice, a lot of manual monitoring is often 
involved in the request of the re-supplies: for example, 
the number of subjects in screening is considered, or 
the institutions with high-volume enrollment are given 
higher level of resupplies and closer monitoring. This 
type of careful and conscientious monitoring is likely 
to reduce the rates of FR compared to our simulations, 
but the general conclusions from the simulations remain 
valid.

We assumed that there is a central depot that contains 
a very large amount of drug supply, sufficient to cover the 
demand for the given trial. While this may be a reason-
able assumption in some circumstances (e.g., low molec-
ular weight pharmaceutical products), this may not be 
the case for other advanced treatment modalities such as 
CAR T-cell therapies [41].

Another important consideration not covered in the 
present work is the evaluation of statistical properties 
of randomization designs featuring FR. Reference [15] 
provides some simulation evidence showing that the 
type I error rate of a two-sample t-test may be minimally 
affected (i.e., procedures are slightly conservative) in the 
presence of a linear trend in the outcome if FR with back-
filling is used. For the considered randomization pro-
cedures, it was found that the addition of FR preserves 
the properties of the original procedure with respect to 
the Type I error in presence of the linear trend. A more 
in-depth study will be pursued in the upcoming work. 
A question of whether there is a need to account for 
the cases of forced allocation in the analysis – e.g., per-
forming a primary ITT efficacy analysis according to the 
actual treatment assignment, and performing a sensitiv-
ity analysis of some kind – is an important open prob-
lem that merits investigation. If the population model is 
followed in the analysis, the randomization mechanism is 
irrelevant and the ITT analysis, where patients are ana-
lyzed according to the treatment group they were rand-
omized to, is appropriate [2].

A robust alternative to standard statistical tests based 
on the assumption of the population (random sampling) 
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model is the randomization-based inference or the so-
called “re-randomization tests” [2]. With FR, the con-
struction of re-randomization tests may be complicated 
– one would need to know the full history of randomized 
treatment assignments and the drug supply avail-
ability at each study site throughout the trial. However, 
what is available at a site is also impacted by the treat-
ment assignments given to the patients at the site (and, 
also, other sites). Thus, a drug supply/resupply algorithm 
would be needed to construct a reference set to perform 
a re-randomization test (and taking care of the manual 
adjustments to the algorithm does not seem feasible). 
Overall, the re-randomization test following forced allo-
cation does not seem feasible and the practical need for 
such analysis is also unclear.

In summary, forced randomization can be a useful 
allocation option to consider in practice, that can, when 
properly planned for and carefully implemented, reduce 
patient burden, and enable faster recruitment times. We 
hope to address some of the important problems outlined 
above in the future work.
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