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Abstract
Randomized controlled trials (RCTs) have long been recognized as the gold 
standard for establishing causal relationships in clinical research. Despite that, 
various limitations of RCTs prevent its widespread implementation, ranging from 
the ethicality of withholding potentially-lifesaving treatment from a group to 
relatively poor external validity due to stringent inclusion criteria, amongst 
others. However, with the introduction of propensity score matching (PSM) as a 
retrospective statistical tool, new frontiers in establishing causation in clinical 
research were opened up. PSM predicts treatment effects using observational data 
from existing sources such as registries or electronic health records, to create a 
matched sample of participants who received or did not receive the intervention 
based on their propensity scores, which takes into account characteristics such as 
age, gender and comorbidities. Given its retrospective nature and its use of 
observational data from existing sources, PSM circumvents the aforementioned 
ethical issues faced by RCTs. Majority of RCTs exclude elderly, pregnant women 
and young children; thus, evidence of therapy efficacy is rarely proven by robust 
clinical research for this population. On the other hand, by matching study patient 
characteristics to that of the population of interest, including the elderly, pregnant 
women and young children, PSM allows for generalization of results to the wider 
population and hence greatly increases the external validity. Instead of replacing 
RCTs with PSM, the synergistic integration of PSM into RCTs stands to provide 
better research outcomes with both methods complementing each other. For 
example, in an RCT investigating the impact of mannitol on outcomes among 
participants of the Intensive Blood Pressure Reduction in Acute Cerebral 
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Hemorrhage Trial, the baseline characteristics of comorbidities and current medications between treatment and 
control arms were significantly different despite the randomization protocol. Therefore, PSM was incorporated in 
its analysis to create samples from the treatment and control arms that were matched in terms of these baseline 
characteristics, thus providing a fairer comparison for the impact of mannitol. This literature review reports the 
applications, advantages, and considerations of using PSM with RCTs, illustrating its utility in refining random-
ization, improving external validity, and accounting for non-compliance to protocol. Future research should 
consider integrating the use of PSM in RCTs to better generalize outcomes to target populations for clinical practice 
and thereby benefit a wider range of patients, while maintaining the robustness of randomization offered by RCTs.
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Core Tip: Several studies in the literature compare treatment effect estimates in propensity score matching studies and 
randomized controlled trials (RCTs), but few employ both methods synergistically in determining treatment outcomes. This 
is a first review to report and provide examples on how propensity score matching can be integrated into RCTs to refine 
randomization, account for non-compliance to protocol and improve external validity to produce more comprehensive and 
generalizable evidence for informed clinical decision making.
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INTRODUCTION
In the paradigm of clinical research, establishing causality is vital in helping clinicians better grasp the efficacy, or harm, 
of potentially groundbreaking interventions. The foundation for evidence-based medicine depends on the influence of 
interventions on patients’ health. To attain the best outcomes for patients, causal relationships must be studied 
objectively. In this regard, randomized controlled trials (RCTs) have been well-established as the gold standard for 
establishing causal relationships in clinical research, largely due to the randomization of participants which eliminates 
confounders[1]. Despite this, there still exist concerns about the use of RCTs in clinical research. This includes the 
ethicality of withholding potentially-lifesaving treatment from a group, relatively poor external validity of RCTs due to 
stringent inclusion criteria, need for resources to conduct trials, and lack of feasibility to continue trials for a prolonged 
duration due to manpower and resource constraints[2]. In particular, a retrospective cohort study of 1017 RCTs found 
that poor recruitment is the most frequently reported reason for RCT termination, accounting for up to 40% of the total 
discontinuations[3]. This in turn leads to a considerable waste of scarce research resources. However, with the inception 
of propensity score matching (PSM) as a retrospective statistical methodology by Rosenbaum and Rubin[4] in 1983, new 
frontiers have opened to establish causality in clinical research. PSM predicts treatment effects using observational data 
from registries to create a matched sample of participants who received or did not receive the intervention based on their 
propensity scores, which is associated with baseline characteristics such as age. Since then, newer models of computing 
propensity scores have emerged and the uptake of PSM in research has increased exponentially, owing to its ability to 
estimate causal effects when random assignment of treatments is unethical or not feasible[5-9]. Recently, an increasing 
number of studies have begun to adopt an integrated approach, increasing the generalizability of their results with PSM 
while maintaining the robustness of randomization offered by RCTs, demonstrating the potential benefits of using both 
methods synergistically[10-12]. Therefore, this literature review aims to explore the integration of PSM studies as a potent 
adjunct to RCTs in establishing causality in healthcare, potentially circumventing the concerns and quandaries 
surrounding RCTs as a research modality. We report the advantages and limitations of RCTs and PSM studies, as well as 
their synergistic implementation and its advantages as compared to either method alone. It is hoped that the findings of 
our review would help guide researchers and clinicians alike to consider adopting the use of PSM in RCTs in future 
clinical research.

METHODLOGY
A comprehensive literature search was conducted on PubMed, Web of Science, CENTRAL, Scopus and Embase from 
inception to 25 November 2023 with the keywords: “randomized controlled trial”, “propensity score matching”, 
“observational studies”, and “advantages”. The inclusion criteria included studies with PSM or RCTs as their 
methodology, or if both methods were used concurrently. Non-English articles, animal studies, conference abstracts, oral 
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and poster presentations were excluded. If an institution published more than one study, the most recent article was 
selected for analysis. Relevant information regarding the advantages and limitations of RCTs, PSM and their synergistic 
implementation were extracted. The included articles also served as key examples to support the use of each method or 
the integration of PSM into RCTs respectively.

RANDOMIZED CONTROLLED TRIALS
An RCT is an experimental study randomly assigning human participants to a control and treatment group, and is 
typically used to establish cause and effect in medical treatments such as novel drugs, devices and surgical techniques. 
Crucially, the randomization process ensures that participants are allocated to groups comparable in terms of baseline 
characteristics and potential confounders, and that the observed differences in outcomes are due to the treatment effect
[13,14]. different types and methods of randomization are performed in RCTs. Some common methods are shown in 
Table 1[15,16]. The choice of randomization method depends on the characteristics and objectives of the study, such as the 
sample size, the number of treatment groups, the presence of covariates, and the primary outcome. The randomization 
method should be specified in the study protocol and implemented with adequate concealment to ensure the validity and 
reliability of the results[17].

In double blinded studies, blinding is also incorporated to ensure that neither patients nor doctors administering the 
treatment are aware of the treatment allocation[18,19]. In triple blinded studies, data analysts assessing the outcomes are 
also blinded to reduce bias further. This is crucial as knowledge of which treatment the patient receives could lead to the 
behavioral changes of patients and doctors who might be biased towards the provision of the newer treatment instead of 
the placebo, decreasing the objectivity and credibility of the study[20]. Blinding can be achieved through the certain 
means including double-dummy designs, central randomization and independent outcome assessors. Furthermore, it is 
recommended to use pre-specified and transparent protocols, registration, and reporting guidelines to ensure the 
integrity of the blinding process. Despite that, some studies cannot be blinded[21]. For example, blinding cannot be 
achieved in a trial comparing different types of psychotherapy for depression as the patients and therapists would know 
which type of therapy they are receiving or providing[22]. Overall, randomization and blinding seek to reduce allocation 
and selection biases within RCTs. Figure 1A summarizes the major steps taken in an RCT study.

PROPENSITY SCORE MATCHING
An alternative to estimating causal relationships when RCTs cannot be performed is PSM. PSM is a statistical technique 
that predicts treatment or interventional effects using observational data from existing sources such as registries or 
electronic health records, to create a matched sample of participants who received or did not receive the intervention 
based on their propensity scores[4]. Propensity scores are the probabilities of receiving the intervention given the 
observed characteristics of the participants such as age, gender and comorbidities, and attempts to reduce the bias and 
confounders inherently present in such studies[23]. This is due to participants being assigned treatments and 
interventions based on clinical needs, mostly influenced by patient-centered factors including but not limited to patient 
comorbidities, and not through random allocation[4]. For example, in a study comparing the effectiveness of a new drug 
vs a placebo, the participants who choose to take the new drug may differ from those who do not in terms of their age, 
health status, or other characteristics that may affect the outcome of interest. These differences may confound the causal 
relationship between the treatment and the outcome, and make the comparison between the groups invalid.

Various models are used to compute such probabilities, which are outlined in Table 2. The logistic regression model is 
most commonly used due to its simplicity. However, it assumes a linear relationship between the covariates and the log-
odds of the treatment, an assumption that does not always hold true for all variables in medicine[24]. Body mass index 
(BMI), for instance, has a nonlinear relationship with mortality, with both low and high BMI being associated with a high 
mortality rate[25]. In such cases, other models can be used assuming the variables fulfill the model's assumptions[26]. It is 
important to note that different models used will generate different results in a finite sample. Although many models 
exist, there are no guidelines for their choice. However, one could consider the guidelines proposed by Baser[27] based on 
five criteria which aims to select the best model based on their ability to reduce selection bias in that given data sample.

PSM then involves matching the participants who received the intervention with those who did not based on their 
propensity scores, so that they are theorized to have similar characteristics and would thus be comparable. PSM can use 
different matching methods depending on the availability and balance of the data[28]. Table 3 shows the possible 
matching methods available while Figure 1B summarizes the major steps taken in a study employing PSM.

CAN PROPENSITY SCORE MATCHING REPLACE RANDOMIZED CONTROLLED TRIALS?
Although PSM and RCTs are used to establish a causal link between interventions and eventual health outcomes, it is 
important to note the differences between these methodologies. Fundamentally, RCTs are conducted to determine the 
efficacy of new treatments compared to an existing control treatment[29]. In contrast, PSM studies serve as a retrospective 
method of evaluating the efficacy of a treatment. This is done by using the baseline characteristics of patients to match 
individualized treatment groups against newly formed control groups via assigning a propensity score to each group[30]. 
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Table 1 Comparison of randomization methods for clinical trials

Method Description Ref.

Simple random-
ization

Each participant has an equal chance of being assigned to any of the treatment groups. This method is easy to 
implement and unpredictable, but it may result in unequal group sizes or imbalances in important covariates, 
especially in small studies

Grimm and 
Müller[75], 
1999

Block random-
ization

Participants are allocated to treatment groups in blocks of fixed size, such as 4 or 6. This method ensures that the 
group sizes are balanced at any point of the study, but it may introduce some predictability if the block size is 
known or guessed by the investigators

Sreedevi et al
[76], 2017

Stratified 
randomization

Participants are first stratified by one or more relevant factors, such as age, gender, or disease severity, and then 
randomized within each stratum. This method ensures that the treatment groups are balanced with respect to the 
stratification factors, but it may increase the complexity and cost of the randomization process

Kahan and 
Morris[21], 
2012

Minimization Participants are allocated to the treatment group that minimizes the imbalance in a set of predefined factors, such as 
prognostic variables or previous treatments. This method is adaptive and can achieve better balance than stratified 
randomization, but it may also introduce some predictability and bias if the allocation is not concealed

Treasure and 
MacRae[77], 
1998

Table 2 Comparison of methods of computing propensity scores

Method Advantages Disadvantages Ref.

Simple and widely used May not capture complex or nonlinear relationships

Can handle binary and continuous covariates May be sensitive to model misspecification

Logistic 
regression

Can estimate the propensity score and the treatment 
effect in one model

May not balance all covariates well

Otok et al[6], 2017

Can handle multiclass treatment May not capture nonlinear relationships

Can capture linear combinations of covariates May be sensitive to outliers and distributional 
assumptions

Discriminant 
analysis

Can handle multicollinearity among covariates May not balance all covariates well

Rudner and Johnette
[7], 2006

Can handle complex and nonlinear relationships May be computationally intensive

Can handle binary, categorical, and continuous 
covariates

May overfit the data

Random forests

Can balance all covariates well May not estimate the propensity score and the 
treatment effect in one model

Zhao et al[8], 2016

Table 3 Possible matching methods utilized in propensity score matching studies

Matching 
method Indication

One-to-one This method matches each treated unit with one control unit that has the closest propensity score. This method is simple and intuitive, 
but it may discard some units that are not matched

One-to-many This method matches each treated unit with more than one control unit that has similar propensity scores. This method can increase the 
sample size and precision, but it may also introduce more bias due to imperfect matches

Nearest 
neighbor

This method matches each treated unit with the control unit that has the nearest propensity score, within a specified caliper or threshold. 
This method can reduce bias by excluding poor matches, but it may also reduce efficiency by excluding good matches

Caliper This method matches each treated unit with the control unit that has the propensity score within a specified range or distance. This 
method can ensure a high degree of similarity between the matched pairs, but it may also result in a loss of observations if the caliper is 
too narrow

Stratification This method divides the propensity score distribution into a number of strata or intervals, and then compares the outcomes of the 
treated and control units within each stratum. This method can balance the covariates across the strata, but it may also produce hetero-
geneous treatment effects across the strata

As will be explored further in the paper, specific advantages and disadvantages to both study methodologies would 
favour clinicians and researchers to choose one method over the other (Table 4). However, it is also important to contex-
tualize the considerations behind the methodology choice[31].

Context and objectives
By the nature of RCTs (Figure 1A), the division of participants into two distinct groups, encompassing one control group 
and one treatment group, necessitates certain ethical considerations, particularly concerning the control group and their 
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Table 4 Summary of the advantages of propensity score matching and randomized controlled trials

Propensity score matching RCTs

Allows for utilization of retrospective data where randomization was not done Gold standard for causal inference by eliminating bias

Improves efficiency of subject enrolment in prospective studies Required as part of regulatory requirements

Allows analysis of causal inference in investigations where ethical considerations 
forbid RCTs

Allows researchers to conduct targeted studies to answer specific 
questions

Better external validity and generalizability Better internal validity

Avoidance of type II errors

Shorter timeline to study completion

RCTs: Randomized controlled trials.

access to a potential novel treatment or intervention. Firstly, due to the presence of strict inclusion and exclusion criteria 
that governs those who are eligible for participation within an RCT, there is a chance that certain populations or groups 
may be consistently excluded from taking part in these studies that would determine the efficacy of potentially life-saving 
treatments. Consequently, the results obtained from the study cannot be universalizable, as the effects of the treatment 
and intervention cannot be accurately assessed in these ignored groups[32].

This can be observed in studies such as the one done by Leinonen et al[33], which demonstrates a discrepancy in the 
biodata of RCT subjects as compared to the general population, particularly concerning the use of acetylcholinesterase 
inhibitors as a treatment for Alzheimer’s disease. The study found that RCT participants were significantly younger, due 
to the stringency of exclusion criteria that prevented the recruitment of older individuals into the study, who usually 
comprise the bulk of the demographic who are usually afflicted with Alzheimer’s disease. As such, the use of 
acetylcholinesterase inhibitors as a treatment option in older adults cannot be fully validated. Were PSM to be used 
instead, it would follow that the generalizability of the results would allow for findings to be applied across various age 
groups, including older adults, who would likely benefit the most from treatment. Further, strict selection criteria of RCT 
might lead to more favorable treatment outcomes for one group compared to another group. For example, Gui et al[34] 
reported that surgical resection had superior 3-year and 5-year disease free survival compared to transarterial chemoem-
bolization plus radiofrequency ablation for hepatocellular carcinoma. When analyzing only the PSM data, the difference 
was not significant.

Moreover, there is the need to consider the ethicality of using placebos, which is often done in the control group in 
RCTs. Especially in the presence of established first-line treatment or intervention options for whichever disease or 
condition is being studied, the use of placebos in place of this established treatment option would be ethically frowned 
upon, more so if the condition being studied is potentially deadly or debilitating and swift, definitive intervention would 
be necessary[35,36]. Due to the retrospective nature of PSM studies, which use already-existing data to determine the 
efficacy of treatments, it is possible to eliminate these ethical concerns as the study design circumvents the need to recruit 
participants to assess interventional outcomes[37]. A key example is examining the cardiovascular safety of common oral 
hypoglycemic agents for type 2 diabetes mellitus. As the study aimed to investigate the adverse effects of drug therapies, 
it would be unethical to expose patients to the risk of harm in RCTs. Instead, an algorithm is developed based on 
generalized PSM to estimate the effects of various diabetic medications individually or with metformin on cardiovascular 
events[38]. A case could be made for PSM studies replacing RCTs in such instances.

Despite the advantages that PSM has over the ethical considerations of RCTs, it is also important not to discount the 
ethical considerations of PSM itself, particularly regarding data privacy and the use of patient data from electronic health 
records and registries. As it is often not practical to seek the consent of individuals to utilize observational data for 
retrospective studies, institutional review boards usually waive the need to obtain consent for using personal data in 
most circumstances. This is provided that the results are published in the form that does not identify the individual. 
Despite that, the issue of data privacy in the face of the retrospective nature of PSM studies must not be ignored. 
Nevertheless, the advent of methods such as propensity score-based pooling and combining distributed linear regression 
with propensity score modelling can avoid the need for individual-level data while maintaining analytic integrity, 
thereby offering protection of patient privacy[39,40]. Hence, PSM could still prove to be the better method when ethical 
issues arise.

Feasibility
Although RCTs are known for their robustness in determining the efficacy of new treatments, they are also known to take 
a longer time to complete, especially due to the ‘real-time’ nature of tracking participant progress and long-term 
outcomes. The entire RCT progress, as well as its duration, is dependent on the recruitment of appropriate participants 
for the study. This process requires the development of strict criteria that would enable only the most suitable subjects to 
participate in the study. The development of such criteria, together with the time it takes to recruit sufficient suitable 
participants to participate in the study, would understandably take a long time[41]. In addition to this, one must consider 
that participants must be followed up for an extended period because treatments themselves have several potential 
outcomes and side effects that may take months or even years to manifest. Additional time would also need to be taken to 
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Figure 1 Flowchart overviewing the steps. A: Flowchart overviewing the steps taken in a randomized controlled trial, randomization of allocation and blinding 
is key to reduce bias in randomized controlled trials; B: Flowchart overviewing the steps taken in a propensity score matching study, propensity score matching 
creates a matched sample of patients who received or did not receive the intervention based on their propensity scores, which takes into account the patients’ 
baseline characteristics.

obtain data of interest and perform statistical analysis to form conclusions regarding treatment efficacy[42]. Majority of 
research grants have an expiry date of couple of years by which a RCT has to be concluded. Thus, it is a common 
observation that recurrence free survival (RFS) is commonly used as a surrogate of overall survival (OS) in oncology trials 
as RFS can be determined much earlier as compared to OS.
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On the other hand, PSM studies can be conducted on pre-existing data and would take much shorter time to complete. 
In instances where a treatment for a condition would be required with some urgency, such as in the case of vaccines or 
antidotes for epidemics and pandemics, it is possible that PSM studies could replace RCTs. Consider this study by Hsu et 
al[43], which uses a PSM methodology with data from a previous cohort study to suggest new influenza vaccination 
guidelines for the elderly. Especially given the morbidity of the infection in older populations, as well as the dynamism of 
the infection itself due to high mutation rates and the existence of multiple strains of the same virus, vaccination 
recommendations would have to be generated rather quickly to adapt to an ever-changing seasonal infection. This was 
possible due to PSM, whose methodology allowed for retrospective comparison between vaccinated and non-vaccinated 
individuals, and the effects of vaccination specifically on those vaccinated. Therefore, PSM studies are usually more 
feasible and quicker to implement due to their retrospective nature which precludes the need for recruitment and 
monitoring.

Better external validity
As stringent prerequisites are used in RCTs regarding participant selection, a strict set of inclusion and exclusion criteria 
are often needed. This, verily, would have implications for the validity of RCTs. Such exacting criteria would mean that 
RCTs generally have poorer external validity, which means that study findings may not be generalizable to the rest of the 
population, or different contexts[44]. Majority of RCTs exclude elderly, pregnant women and young children; thus, 
evidence of therapy efficacy is rarely proven by robust clinical research for this population. On the other hand, the 
validity of PSM studies depends on how closely the study sample represents the population of concern. This is ultimately 
influenced by multiple factors, including the study context, confounders, and the statistical model used to yield the actual 
propensity score. It is generally accepted that the external validity of PSM studies is quite robust, as the results from PSM 
studies can be generalized to other populations given that the model assumptions are accounted for. The sample size is 
sufficient enough for a large statistical power[45]. Studies exist that show that, at the very least, PSM provides an external 
validity that is comparable, if not better, than that of RCTs. For example, a study by Kuss et al[46] compared PSM and 
RCT as methodologies for assessing outcomes following coronary artery bypass grafting. The study validated that any 
differences observed in the findings between the RCT and PSM methodologies in this specific context were statistically 
insignificant. Thus, owing to better external validity, PSM can be employed to better generalize outcomes of studies to 
patient populations for translation to clinical practice.

Addressing lack of randomization in retrospective studies
Retrospective studies are an important area where the advantages of PSM are demonstrated. They use existing data 
recorded for purposes other than research and patients usually do not undergo interventions via randomization[47]. 
These data are thus best analyzed via PSM. For example, in a retrospective cohort comparison study of cervical total disc 
replacement performed as an outpatient vs inpatient procedure, patients were not randomized to either outpatient or 
inpatient groups unlike in RCTs. Pre-existing variables thus likely influenced the type of intervention they received. To 
eliminate their influence, PSM was used to control for variances in patient characteristics. Every patient was assigned a 
propensity score based on variables such as age and gender, among others. Each outpatient case was then systematically 
matched with three inpatient cases with similar propensity scores to compare intervention outcomes[48]. After adjusting 
for the inherent confounding factors, any differences in observed outcomes can be attributed to the intervention itself 
although randomization is not performed[28]. Therefore, PSM can make use of retrospective data in a way to analyze the 
causal effects of the intervention itself.

The advent of PSM also allows better application of findings generated from retrospective analyses. Although robust, 
RCTs are challenging to conduct and often generate results that may not apply to a real-world setting. This may be due to 
either the complexity of the intervention or the selection process for participants yielding a population different from that 
seen in general clinical practice[49]. Unlike RCTs, PSM makes use of data that have been collected from actual patients 
undergoing interventions in real-world practices. This gives the analysis a more realistic touch and makes it more 
applicable to clinical practice.

Resource efficiency
PSM has its role in prospective cohort studies as well. PSM can be used for patient enrolment in prospective studies to 
improve statistical and logistical efficiency. In a novel approach to PSM, a propensity score model is developed based on 
pre-existing patient data. The study tapped on data from two groups of patients-those who were referred for acupuncture 
and those receiving the usual care, to compare the effectiveness of the two interventions to manage chronic musculo-
skeletal pain. These patients are not randomized to either group. Patients are then matched by their propensity scores for 
recruitment into the prospective cohort study, where patient-reported outcomes are collected through an interview. 
Without PSM, patients that would have otherwise been recruited would ultimately be excluded from analysis due to a 
lack of propensity score overlap[50]. This thus improves study precision and maximizes resources.

Another example where PSM can be used to increase efficiency in terms of patient enrolment is the Diabetes 
Prevention Program (DPP)[51]. DPP is a multicenter RCT designed to compare diet and exercise against medications on 
preventing or delaying the onset of type 2 diabetes. However, the process of subject selection was highly inefficient. The 
158177 subjects had to be screened before 3819 subjects were finally randomized to one of the four original arms. If PSM 
had been employed to recruit the subjects in a more targeted fashion, less resources could have been expended.

Error avoidance
With the use of PSM, it may be possible to avoid the type II error that often affects the statistical power of RCTs. RCTs 
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have a high risk of type II error, failing to reject the null hypothesis when it is false[52]. In other words, RCTs may falsely 
report no significant difference between the intervention and the control groups. This may be due to the rigorous nature 
of RCTs, which require careful planning, ethical approval, recruitment, randomization, intervention delivery, follow-up, 
data collection, analysis, and reporting. These processes can introduce limitations that can reduce the power and 
precision of RCTs, such as low sample size, high attrition, poor adherence, crossover, contamination, protocol deviations, 
and measurement error. Despite using various protocols such as intention-to-treat, as-treated, or per-protocol analysis, 
RCTs may still fail to detect or report clinically significant changes in the outcome of interest[44]. Conversely, PSM 
utilizes existing data sets, thus circumventing the issues related to low statistical power that plague RCTs, especially in 
small sample sizes and high attrition rates.

WHEN ARE RANDOMIZED CONTROLLED TRIALS BETTER?
RCTs have been the acknowledged standard in evidence-based medicine for decades, only second to systematic reviews 
and meta-analyses[53]. The performance of a RCT is robust and requires strict specification of study conditions in all 
aspects of its conduct, including participant selection, treatment and control assignment arms, inclusion and exclusion 
criteria, randomization method, outcome measurement, among others[49]. It first emerged in 1948 to investigate 
streptomycin treatment of pulmonary tuberculosis[54] and is recognized as the standard method for “rational 
therapeutics” in medicine by the 20th century[55]. Although novel methods of proving causal effects have emerged, RCTs 
are still highly regarded due to their various advantages which will be discussed below and summarized in Table 4.

Elimination of bias: Gold standard for causal inference
RCTs have the unique advantage of randomization which eliminates accidental bias, including selection bias. This adjusts 
for inherent features that may have increased the likelihood of subjects being allocated to treatment or control groups. 
Randomization thus eliminates any systematic differences between the two groups. This promotes comparability of the 
study groups, creating a basis for more accurate comparison[56], which has not been possible in other study designs[1]. 
As a result, any outcome differences can be attributed to the intervention rather than confounding factors. This 
contributes to the high internal validity of RCTs as a study design. To top it all off, RCTs can provide high statistical 
power, detecting and quantifying meaningful effect size differences between the intervention and the control groups, 
proving the causal relationship between intervention and outcomes more robustly[57].

While observational studies may use statistical methods to try to account for possible bias, some biases are very hard to 
correct[58]. A 2020 systematic review by Lantz[59] of 46 evaluations of interventions targeted at healthcare super-utilizers 
warned of this caveat. Methodological and study design weaknesses, especially regression to the mean, called into 
question supposed positive findings. Interestingly, observational studies of super-utilizer programs tended to report 
positive outcomes post-intervention. Yet on the other hand, RCTs reported no significant difference between intervention 
and control groups. The “positive” outcomes of these observational studies were likely biased by regression to the mean. 
This refers to the statistical tendency for patients incurring unusually high costs at a particular point in time to move 
closer to the average over time[60]. Despite statistical methods in place to correct for bias, this may not always be 
successful, depending on the inherent features of the data set. Therefore, this further strengthens the gold standard status 
of RCTs for causal inference.

While PSM can correct for confounders, it still has its shortcomings especially when compared to RCTs. Most 
importantly, it assumes that all relevant confounders are measured and included in the propensity score model. This is 
known as the ignorability or unconfoundedness assumption, and it is often untestable and may be violated in practice
[61]. If unobserved or unmeasured confounders are present but not accounted for by the propensity scores, the matching 
may not eliminate them. Consequently, causal estimates may be biased or inconsistent[62]. Therefore, without a careful 
selection and measurement of the covariates based on substantive knowledge and theory, PSM may remain inferior to 
RCTs.

Although PSM is a thorough process, the possibility of bias due to matching errors or model misspecification cannot be 
overlooked. PSM estimates propensity scores with a statistical model, such as logistic regression, discriminant analysis, or 
random forests. These models may be misspecified or inaccurate, thus not capturing the true relationship between the 
covariates and the treatment assignment[63]. The process may produce mismatched pairs with poorly estimated 
propensity scores, increasing the comparison's imbalance or bias[64]. Therefore, RCTs may retain their role as the gold 
standard for causal inference, until such systematic shortcomings in the alternatives are accounted for.

Regulatory requirements
Given its status as the gold standard for causal inference, RCTs have a long-standing role in regulatory requirements. 
Since 1962, in the wake of the thalidomide crisis in which an anti-nausea and sedative drug widely used was found to 
cause severe congenital disabilities, evidence of efficacy is required before a drug can be approved[65]. The Food and 
Drug Administration (FDA) in the United States is a key player in the approval of drugs and medical devices[66]. Under 
FDA regulations, a series of clinical trials are conducted with the medication, to determine if the findings support the 
manufacturer’s efficacy claims and demonstrate that the drug is safe. The early drug approval statute in 1962 generally 
required at least two adequate and well-controlled randomized investigations[67]. Although regulatory guidelines have 
evolved over the past decades to allow non-RCTs as well as to include a range of concessions, RCTs continue to have a 
long-lasting importance in this field, given their rigor and advantage of randomization.
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Targeted studies
A clear difference between RCTs and observational studies is that when ethical and feasible, RCTs allow researchers to 
design a study to investigate questions they want answered, rather than the questions they can answer with naturally 
occurring data. For instance, the impact of physician-patient race concordance on patient’s health behavior is notoriously 
challenging to determine using observational data[68]. As most individuals choose their primary care physician, selection 
is already present in concordant vs discordant dyads. Further, long-standing structural inequalities have it such that 
many disadvantaged individuals, who tend to be of a minority race, do not have a primary care physician[58]. If 
researchers were to rely on existing data through observational studies alone, this question would never be answered 
sufficiently. In contrast, RCTs have the capacity to provide a satisfactory response to this. Researchers created a pop-up 
clinic where Black male patients were randomly assigned to see either a Black or non-Black physician[69]. It was found 
that those randomly assigned to Black physicians were 18% more likely to use preventive health services after the 
interaction than those assigned to a racially discordant doctor. This example thus illustrates an added advantage of RCTs 
in addressing questions that cannot otherwise be answered with regular observational studies.

USE OF PROPENSITY SCORE MATCHING IN RANDOMIZED CONTROLLED TRIALS
While RCTs are the gold standard for causal inference, challenges such as ethical considerations and real-world applic-
ability can limit the scope and generalizability of RCT findings. This is when PSM can complement RCTs, offering a 
solution to address these issues and enhance the validity of the results. The synergy between RCTs and PSM can be 
powerful, and several examples illustrate how these two methodologies can work together effectively.

RCTs with imperfect randomization
In some RCTs, the process of randomization may not achieve perfect balance in baseline covariates, especially in small 
samples. This can lead to residual confounding and affect the internal validity of the trial. PSM can be employed further 
to improve the balance between the treatment and control groups, enhancing the reliability of the RCT results. For 
example, the Bracing in Adolescent Idiopathic Scoliosis Trial was initially designed solely as a randomized trial[70]. 
However, there was a slower than anticipated enrollment of participants due to most participants preferring one 
treatment over the other and thus declining randomization. Therefore, a preference cohort was included thereafter and 
PSM was used to control for potential selection bias due to the nonrandom treatment assignment in the preference cohort. 
This helped to refine the treatment and control arms in both the randomized and preference cohorts in terms of baseline 
characteristics, and facilitates integration of the data for fair comparison. In another study by Wang et al[71] investigating 
the impact of mannitol on outcome among participants of the Intensive Blood Pressure Reduction in Acute Cerebral 
Hemorrhage Trial (INTERACT2), it was found that there was significant variability in baseline covariates between 
patients treated with and without mannitol. With the use of propensity score methods, the baseline characteristics of both 
cohorts can be adjusted for, and a fairer comparison can be made to determine the effect of mannitol. Van Groenestijn et al
[72] also used PSM to correct for baseline inequalities in a RCT studying the effectiveness of aerobic exercise therapy on 
disease-specific and generic health-related quality of life in ambulatory patients with amyotrophic lateral sclerosis. 
Hence, the use of propensity score analyses and multivariate models can be synergistic with RCTs to establish causal 
relationships while enhancing validity.

Non-compliance to protocol
In RCTs, there are often participants who do not adhere to the assigned treatment. In such scenarios, PSM can be applied 
to account for non-compliance or deviations in treatment received, and thus provide a more comprehensive 
understanding of the treatment’s impact. The Odyssey Outcomes trial compared the cardiovascular outcomes of 
treatment using alirocumab with placebo in patients with recent acute coronary syndrome receiving intensive statin 
treatment[73]. Despite being prescribed specific doses of alirocumab, some patients did not adhere to the prescribed dose 
or frequency of medication, which would affect the perceived effectiveness of the drug. To account for this, PSM was 
used to adjust for patients’ compliance to the prescribed drug regime so that a better comparison between alirocumab and 
placebo could be performed. Therefore, propensity score methods may be useful in accounting for nonadherence or 
deviations in protocol which may be inevitable in large clinical studies.

Translation of RCT data to clinical practice
RCTs are designed to establish causal relationships under controlled conditions, but the extrapolation of their results to 
broader patient populations and diverse clinical settings poses several challenges, such as the use of stringent inclusion 
and exclusion criteria to enhance internal validity while compromising external validity, limiting the generalizability of 
findings to real-world patient populations. In addition, clinical practice involves diverse patient populations with varying 
comorbidities, demographics, and treatment responses. RCTs may not capture this heterogeneity adequately[74]. 
Paradoxically, many clinical practices are rapidly adopted by medical practitioners despite no evidence from RCTs. For 
example, laparoscopic cholecystectomy, a current gold-standard procedure for removing gallbladders, is not supported 
by RCT evidence.

PSM addresses the challenges of translating RCT data to clinical practice by facilitating a more nuanced comparison of 
treatment and control groups. By accounting for observed confounding variables, PSM helps create matched cohorts that 
closely resemble the characteristics of the broader patient population encountered in clinical settings. For example, RCTs 
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have demonstrated that the Songling Xuemaikang capsule (SXC) is effective in reducing blood pressure in essential 
hypertension. However, the efficacy of SXC in actual clinical settings is still unknown. Using a PSM approach, Lai et al[10] 
compared the results of patients treated with SXC monotherapy from both real world and RCT cohorts and found that 
SXC monotherapy is at least as effective in real-world settings as within the RCT. Similarly, Chung et al[11] used 
propensity score-based poststratification to generalize the results of the Flexibility in Duty Hour Requirements for 
Surgical Trainees Trial to the nonrepresentative samples. In addition, Godley et al[12] used propensity score based 
methods to assess the impact of dosage levels of Volunteer Recovery Support for Adolescents across measures such as 
frequency of substance used and emotional problems. Therefore, PSM employed using data from RCTs to create a 
matched cohort reflective of the broader patient population can allow for a more realistic assessment of the intervention's 
effectiveness in routine clinical settings.

LIMITATIONS
There are some limitations to our review. The studies reviewed in this article were not able to do a direct comparison 
between PSM and RCTs due to the nature of their investigation. Nevertheless, these studies were able to describe the 
advantages and disadvantages of each method collectively. In addition, there is a lack in reporting of the disadvantages 
of integrating PSM into RCTs. Further studies are therefore required to examine the limitations of the synergistic 
implementation of PSM and RCTs concurrently.

CONCLUSION
More studies adopting the synergistic implementation of PSM and RCTs concurrently are emerging, demonstrating the 
feasibility and advantages the integration of both methods have to offer. PSM offers an ethical and practical alternative in 
situations where RCTs are not feasible or ethical. RCTs, on the other hand, continue to be the gold standard for 
establishing causal relationships, offering the highest level of internal validity and have a role in regulatory requirement 
for novel medical treatment. Ultimately, the choice between PSM and RCTs should be made carefully, considering the 
specific goals and constraints of the research context applied. Rather than a binary choice, the integration of PSM into 
RCTs should also be considered if possible. The combined implementation of both approaches can help improve the 
generalizability of results to a wider range of patients and specific patient populations of interest for translation to clinical 
practice, while maintaining the robustness of randomization and high internal validity. Therefore, the synergistic 
integration of PSM into RCTs should be considered for future research when possible.
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