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With increasing initiatives to improve the effectiveness and safety of patient care, there is a
growing emphasis on evidence-based medicine and incorporation of high-quality evidence into
clinical practice. The cornerstone of evidence-based medicine is the randomized controlled
trial (RCT). The World Health Organization defines a clinical trial as “any research study that
prospectively assigns human participants or groups of humans to one or more health-related
interventions to evaluate the effects on health outcomes.”1 Randomization refers to the method
of assignment of the intervention or comparison(s). Fewer than 10% of clinical studies reported
in surgical journals are RCTs,2–4 and treatments in surgery are only half as likely to be based
on RCTs as treatments in internal medicine.5

Multiple factors impede surgeons performing definitive RCTs, including the inability to blind
health care providers and patients, small sample sizes, variations in procedural competence,
and strong surgeon or patient preferences.5–8 Not all questions can be addressed in an RCT;
Solomon and colleagues8 estimated that only 40% of treatment questions involving surgical
procedures are amenable to evaluation by an RCT, even in an ideal clinical setting. In surgical
oncology, trials evaluating survival after operations for a rare malignancy can require an
unreasonably large sample size. Pawlik and colleagues9 estimated that only 0.3% of patients
with pancreatic adenocarcinoma could benefit from pancreaticoduodenectomy with extended
lymphadenectomy; a randomized trial of 202,000 patients per arm would be necessary to detect
a difference in survival.

These reasons should not dissuade surgeons from performing RCTs. Even for rare diseases,
randomized trials remain the best method to obtain unbiased estimates of treatment effect.10,
11 Rigorously conducted RCTs minimize bias by controlling for known and unknown factors
(confounders) that affect outcomes and distort the apparent treatment effect. Observational
studies, including those with the most sophisticated design and analysis,12,13 can control only
for known confounders and might not adequately control for those. Many surgical and medical
interventions recommended based on observational studies have later been demonstrated to be
ineffective or even harmful. These have included blood transfusions to maintain a hemoglobin
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>10 mg/dL in critically ill patients,14,15 bone marrow transplantation for breast cancer,16–
19 and extracranial-intracranial bypass for carotid artery stenosis.20,21

Another major reason for RCTs to be of interest to surgeons is that patients enrolled in trials
can have improved short-term outcomes, even if the intervention is ineffective.22–25 Potential
sources of this benefit include enrollment of lower-risk patients, use of standardized protocols
and improved supportive care, and greater effort to prevent and address treatment hazards.
Different outcomes can also be observed in trial participants because of either the Hawthorne
or placebo effect, both of which can distort the apparent treatment effect and threaten the
validity of the trial. The Hawthorne effect occurs when changes in clinicians’ or patients’
behavior, because of being observed, results in improved outcomes. For example, a prospective
observational study evaluating operating room efficiency after an intervention can demonstrate
improvement over historic performance, in part because the staff is aware of being observed
rather than as a result of the intervention. The placebo effect occurs when the patient derives
benefit not from the treatment itself, but from the patient’s expectations for benefit. In a
randomized trial of arthroscopic surgery versus sham surgery for osteoarthritis of the knee, the
placebo procedure had equivalent results to debridement and lavage, despite lack of any
therapeutic intervention.26

Despite the advantages of well-conducted RCTs, poorly conducted trials or inadequately
reported results can yield misleading information.27,28 Recently, Chang and colleagues29
demonstrated the continued paucity of high-level evidence in surgical journals and called for
articles on clinical research methodology to educate surgeons. The purpose of this article is to
serve as an introduction to RCTs, focusing on procedures for assigning treatment groups that
serve to minimize bias and error in estimating treatment effects. Common threats to validity
and potential solutions to difficulties in randomizing patients in surgical trials will also be
discussed.

OBSERVATIONAL COHORT STUDIES
RCTs are the gold standard for evaluating the effectiveness of an intervention. Many therapies
have historically been evaluated in surgery using observational cohort studies where groups
of patients are followed for a period of time, either consecutively or concurrently. These studies
can be conducted retrospectively or prospectively. The fundamental criticism of observational
cohort studies is that confounding can result in biased estimates of treatment effect.30,31

A confounder is a known or unknown factor that is related to the variable of interest (eg, an
intervention) and is a cause of the outcomes. For example, suppose a study finds that patients
undergoing a procedure by surgeon A have increased mortality when compared with surgeon
B. The outcomes difference might not be a result of inferior operative technique of surgeon A,
but rather confounders, such as patients’ comorbidities or severity of disease (eg, if surgeon A
is referred the more complicated patients).

Observational studies cannot account for unknown confounders. Novel statistical methods can
improve estimates of treatment effect because of known and unknown confounders in
nonrandomized trials, but are still subject to limitations.32,33 Traditionally, nonrandomized
or observational studies adjust for known confounders in the statistical analysis. Adjustment
refers to the mathematic modeling of the relationship between one or more predictor variables
and the outcomes to estimate the isolated effect of each variable. Even with advanced statistical
analyses, such as propensity scoring, these models cannot completely adjust for all of the
confounders.12 Although observational cohort studies have a role in clinical research, such as
in answering questions about harm, well-designed RCTs are the gold standard for evaluating
an intervention because they minimize bias from known and unknown confounders.
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OVERVIEW OF RANDOMIZATION AND ALLOCATION CONCEALMENT
Properly designed RCTs minimize imbalances in baseline characteristics between groups and
could distort the apparent effect of the difference in treatment on patient outcomes. The
randomization procedure used to assign treatment and prevent prediction of treatment
assignment resulting in allocation of intervention bias is especially important. With random
assignment, each patient has the same chance of being assigned to a specific treatment group.
Equal (1:1) allocation results in the same likelihood of assignment to either group (50:50) and
the greatest power to detect a difference in outcomes between the groups. Unequal or weighted
randomization allows the investigators to maintain a balance between groups in their baseline
characteristics, but allocate more patients to one group (eg, with a 2:1 allocation, two-thirds of
patients will be assigned the first treatment and one-third to the second). Unequal
randomization can be used to decrease costs when one treatment is considerably more
expensive to provide than the other.34,35

Valid methods of randomization include flipping a coin, rolling a die, using a table of random
numbers, or running a computerized random allocation generator (eg,
http://www.random.org). Randomization should be performed in such a way that the
investigator should not be able to anticipate treatment group.36–38 Not all published trials
reported as “randomized” are truly randomized. In fact, only 33% to 58% of published surgical
trials describe a valid randomization process where the treatment assignment cannot be
predicted.39,40 For example, in a randomized trial evaluating screening mammography,
participants were assigned based on which day of the month they were born (patients born
between the 1st and 10th of the month or 21st and 31st were assigned mammography and
patients born between the 11th and the 20th were assigned the control).41 Results were
questioned because anticipation of treatment group can inadvertently influence whether a
patient is considered to meet eligibility criteria or how much effort is devoted to securing
informed consent42 and so can cause selection biases with baseline differences between groups
that can influence the results. Other “pseudorandom” or “quasirandom” schemes include use
of medical record number or date of enrollment.

Allocation concealment prevents the investigator or trial participant from consciously or
subconsciously influencing the treatment assignment and causing selection bias. Allocation
concealment, which occurs before randomization, should not be confused with blinding (also
known as masking), which occurs after randomization. Where a valid randomization scheme
has been used, allocation can still be inadequately concealed (eg, use of translucent envelopes
containing treatment assignments). Methods of allocation concealment include use of
sequentially numbered, sealed, opaque envelopes or allocation by a central office. Allocation
concealment is always possible, although blinding is not.38 Yet, between 1999 and 2003, only
29% of published surgical trials reported allocation concealment.40 Although allocation
concealment can be used but not noted in published reports, inadequate allocation concealment
appears to be a large and generally unrecognized source of bias. Schulz and colleagues43 found
that treatment effect was overestimated by 41% when allocation concealment was inadequate
or unclear.

VARIATIONS IN RANDOMIZATION SCHEMES
Simple randomization

The most straightforward scheme for allocating patients is simple randomization (Fig. 1A),
with treatment assigned using one of the methods mentioned previously (eg, computer-
generated random sequence). Simple randomization can result, by chance alone, in unequal
numbers in each group—the smaller the sample size, the larger the likelihood of a major
imbalance in the number of patients or the baseline characteristics in each group.44 An example
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of simple randomization would be the sequence of 20 random numbers generated using a
computer program (Table 1).

Treatment could be allocated as evens receiving treatment A and odds receiving treatment B.
In this case, 9 patients would receive treatment A and 11 patients would receive treatment B
(Table 1).

Alternatively, patients assigned to a number between 1 and 50 could receive treatment A and
patients assigned to a number between 51 and 100 could receive treatment B. In this case, 6
patients would receive treatment A and 14 would receive treatment B. In small trials or in larger
trials with planned interim analyses, simple randomization can result in imbalanced group
numbers. Even if the groups have equal numbers, there can be important differences in baseline
characteristics that would distort the apparent treatment effect.

Blocked (restricted randomization)
Simple randomization can result not only in imbalanced groups, but also chronological bias in
which one treatment is predominantly assigned earlier and the other later in the trial.
Chronological bias is important if outcomes changes with time, as when surgeons become more
adept at the procedure under investigation or increasing referrals for the procedures changes
the patient population.45 Chronological bias results in an inability to differentiate between the
effects of temporally related factors, such as surgeon experience and treatment. For these
reasons, blocked (restricted) randomization schemes can be used (Figs. 1B, 1C).

For example, a uniform block size of 4 can be used with 1:1 allocation and two treatment arms.
The two arms will never differ at any time by more than two patients, or half of the block
length. There are six possible assignment orders for each block (called a permuted block) of
four patients: AABB, ABAB, ABBA, BAAB, BABA, and BBAA. Although blocked
randomization will maintain equal or nearly equal group sizes across time, selection bias can
occur if the investigators are not blinded to block size and treatment assignment. If the first
three patients in the trial received treatments A, A, and B, then the unblinded investigator might
anticipate that the fourth patient will receive treatment B. The decision whether to enroll the
next study candidate could be inadvertently affected, as a result, by the investigator’s treatment
preference.42 This problem can generally be avoided by randomly or systematically varying
the block sizes (Fig. 1C).

Stratified randomization
Imbalances in prognostic factors between treatment arms can occur because of chance alone,
even if randomization and allocation concealment are properly performed. Important
imbalances are most likely to occur by chance in small trials or during interim analyses of large
RCTs.46 Prognostic stratification can be used to avoid such imbalances. Patients can be first
categorized based on several prognostic factors into strata and then randomized within each
stratum, guaranteeing no major imbalance between groups in these factors (Fig. 1D). For
example, Fitzgibbons and colleagues47 performed an RCT to evaluate whether watchful
waiting is an acceptable alternative to tension-free repair for inguinal hernias in minimally
symptomatic or asymptomatic patients. Eligible patients were stratified by center (six total),
whether the hernia was primary or recurrent, and whether the hernia was unilateral or bilateral.
The total number of strata for this study was 24, or the product of the number of levels of each
factor (6 × 2 × 2). Once assigned to a stratum, patients were then randomized to either watchful
waiting or hernia repair.

Because important prognostic factors will be balanced, stratified randomization can decrease
the chance of a type I error (finding a difference between treatment arms because of chance
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alone) and can increase the power (the chance of finding a difference if one exists) of small
studies, where the stratified factors have a large effect on outcomes.46 Additionally,
stratification can increase the validity of subgroup or interim analyses.46 If too many strata
are used, some strata might not be filled with equal patients in both groups, leading to
imbalances in other prognostic factors.46 Excessive stratification also unduly increases the
complexity of trial administration, randomization, and analysis. Stratification is usually
performed using only a small number of carefully selected variables likely to have a large
impact on outcomes.

Adaptive randomization
Another strategy to minimize imbalances in prognostic factors is to use an adaptive
randomization scheme when randomization is influenced by analysis of either the baseline
characteristics or outcomes of previous patients. When treatment assignment is based on patient
characteristics, the adaptive randomization procedure known as minimization assigns the next
treatment to minimize any imbalance in prognostic factors among previously enrolled patients.
For the computer algorithm to run, minimization should be limited to larger trials.48

One response-adaptive randomization procedure used in trials examining a dichotomous
outcomes (eg, yes/no or survival/death) involves the “play-the-winner” strategy to allocate
treatment based on outcomes of the last patient enrolled (Fig. 2). The more successful a
treatment, the more likely that the next patient will be randomized to that treatment.49 For
short-term trials where the treatments have been well-evaluated for safety, play-the-winner
trials can reduce the likelihood that a patient is assigned to an ineffective or harmful treatment.
49 Adaptive trials are being increasingly used in phase 1 or 2 cancer trials.50–52 The downside
is that these trials are complex to plan and analyze, quite susceptible to chronological bias, and
might not be persuasive.

The most well-known and controversial play-the-winner randomized trial was the Michigan
Extracorporeal Membrane Oxygenation (ECMO) trial for neonatal respiratory failure by
Bartlett and colleagues.53 Neonates with respiratory failure and a predicted ≥ 80% chance of
mortality were randomized to either ECMO or conventional treatment. The investigators’
intent was to perform a methodologically sound, randomized trial that minimized the number
of critically ill infants given the inferior treatment. The study was designed to end after 10
patients had received ECMO or 10 patients had received the control. The first patient enrolled
received ECMO and survived; the second patient received the control and died. The trial was
terminated after 11 patients, only 1 of whom received the control. The investigators concluded
that ECMO improved survival when compared with conventional treatment in neonates with
respiratory failure. The main criticism of the trial was that the control group included only one
patient.54 Widespread acceptance of ECMO for neonates with respiratory failure did not occur
until after larger and more conventional trials were performed.55

RANDOMIZED DESIGNS INCORPORATING PATIENT AND SURGEON
PREFERENCES
Patient preference trials

Strong patient preferences can result in failure to enroll patients into surgical RCTs or serve
as a theoretical threat to validity.6,35,56 Patients with strong preferences for one treatment can
differ from those without, resulting in selection bias or a systematic difference in patients
enrolled in trials from those not enrolled.57 Patient preference can also be an independent
prognostic factor or can interact with the treatment to affect outcomes, particularly in unblended
RCTs.58 For example, patients randomized to their preferred treatment can perform better
because of increased compliance or a placebo effect, and patients randomized to their
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nonpreferred treatment can perform worse.57 One potential solution is to measure baseline
patient preferences and to mathematically adjust for the interaction between preference and
treatment, but this approach increases sample size.58

Another solution is to modify the trial design to incorporate patient or physician preferences
using a comprehensive cohort design, Zelen’s design, or Wennberg’s design.35,56,59–61
These trial designs have not been commonly used. In the comprehensive cohort design, patients
without strong preferences are randomized, and patients with strong preferences are assigned
to their treatment of choice.35 It is often used in trials where participation in an RCT might be
low because of strong patient preferences. Even if the proportion of patients randomized is
low, this design should be less susceptible to bias than a nonrandomized cohort study, which
is often encouraged by statisticians when problems in accrual can limit the power of a
conventional randomized trial. Because of the lower randomization rates, these trials can be
more expensive, require more total patients, and be more difficult to interpret than conventional
trials.57

The National Institute of Child Health and Human Development Neonatal Research Network
is currently planning a comprehensive cohort trial comparing laparotomy and peritoneal
drainage for extremely low birth weight infants with severe necrotizing enterocolitis or isolated
intestinal perforation (personal communication, Blakely). These conditions in this patient
population are associated with a 50% mortality rate and a 72% rate of death or
neurodevelopmental impairment. Surgical practice varies widely; caregivers often have strong
treatment preferences,62,63 and the consent rate can be no higher than 50% because of
problems obtaining consent for emergency therapies. In this trial, the same risk and outcomes
data will be collected for nonrandomized patients (observational or preference cohort) and for
randomized patients. In the primary analysis, treatment effect will be assessed as the relative
risk of death or neurodevelopmental impairment with laparotomy (relative to drainage) among
randomized patients. The relative risk for death or impairment with laparotomy will also be
assessed in the observational cohort after adjusting for important known risk factors. If the
relative risk for observational cohort is similar to that for randomized patients, all patients can
be combined in a supplemental analysis to increase the power, precision, and generalizability
of the study in assessing treatment effect. An analysis with all patients combined would not be
performed if the relative risk is not comparable for the randomized patients and the
observational cohort. In this circumstance, the difference might well be because of an inability
to adjust for unknown or unmeasured confounders among patients treated according to
physician or parent preference

Zelen’s design, also known as the postrandomization consent design, has two variants. In the
single-consent design, patients randomized to the standard therapy are not informed of the trial
or offered alternative therapy. Consent is sought only for patients randomized to the
intervention. If consent is refused, they are administered standard therapy but analyzed with
the intervention group. The single-consent design raises ethical concerns because patients are
randomized before consent and because patients receiving standard therapy are included
without informed consent of their participation in the trial. In the double-consent design,
consent is sought for patients randomized to a standard therapy and those randomized to the
intervention, and both groups are informed of the trial and both groups are allowed to receive
the opposite treatment if consent is refused for the treatment to which they were randomized.
Zelen’s design has been used to evaluate screening tools such as fecal occult blood testing for
colorectal cancer.64

With Wennberg’s design, patients are randomized to either a preference group or a
randomization group. Patients in the preference group are offered their treatment of choice,
and patients in the other group are assigned treatment based on randomization. All groups are
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analyzed to assess the impact of patient preference on outcomes.35,59 Although patient
preference trials are an alternative to RCTs, downsides include potential for additional
differences between treatment groups other than preference and increased sample size
requirements or cost to complete a trial.34,57

EXPERTISE-BASED TRIALS
A proposed solution to the problem of variation between surgeons in skill and preference is
the expertise-based RCT. In a conventional RCT evaluating two surgical procedures (eg, open
versus laparoscopic hernia repair), a surgeon can be asked to perform both procedures, even
though he or she might be adept with only one. Differential expertise bias can result from
favoring the less technically challenging or more familiar procedure if a higher percentage of
experienced surgeons performed that procedure.45 Additionally, differential expertise can
result in increased cross-over from one procedure to another (eg, conversion from laparoscopic
to open hernia repair), or bias resulting from use of different co-interventions.45

An expertise-based trial differs from a conventional RCT because surgeons perform only the
procedure at which they believe they are most skilled. Proponents argue that expertise-based
trials minimize bias resulting from differences in technical competency and surgeon
preference, decrease crossover from one intervention to the other, and can be more ethical than
conventional RCTs.45 On the other hand, expertise-based RCTs present challenges in
coordinating trials in which there are few experts for one or both procedures; changing surgeons
after the initial patient contact, or generalizing the results to surgeons with less expertise.45

For example, in a trial comparing open with endovascular aortic aneurysm repair, the
investigators required each participating surgeon to have performed 20 endovascular aortic
aneurysm repair procedures to control for expertise bias.65 The trial demonstrated no
difference in all-cause mortality between the groups.66 Performance of 60 endovascular
repairs, or 40 more than the minimum requirement for surgeon participation in this study,
appears to be necessary to achieve an acceptable failure rate of < 10%. The minimum number
of procedures required to participate in a trial is often less than the number needed to reach the
plateau of the learning curve, biasing the results.45 An expertise-based RCT, NExT ERA:
National Expertise Based Trial of Elective Repair of Abdominal Aortic Aneurysms: A Pilot
Study, is planned to prevent problems in interpreting the trial because of differential surgical
expertise from affecting outcomes after aneurysm repair (www.clinicaltrials.gov;
NCT00358085).

INTERNAL AND EXTERNAL VALIDITY IN RANDOMIZED TRIALS
Before applying the results of RCTs to individual patients, the internal and external validity of
the trial must be examined. Internal validity refers to the adequacy of the trial design to provide
a true estimate of association between an exposure and outcomes in patients studied, and
external validity assesses the generalizability of the results to other patients. Threats to internal
validity can result from either random or systematic error. Random errors result in errors in
either direction, but systematic errors are a result of bias, resulting in consistent variation in
the same direction. An example of random error is the up and down variability in blood pressure
measurements based on the precision of an automatic cuff. A systematic error occurs when all
of the blood pressure measurements are high because the cuff is too small. Bias can occur at
any point in a trial, including during design, selection of the participants, execution of the
intervention, outcomes measurement, data analysis, results interpretation, or publication.
Specific types of bias include selection bias that results from systematic differences between
treatment groups, confounding, ascertainment bias that results from lack of blinding of
outcomes assessors, compliance bias because of differential adherence to the study protocols,
and bias because of losses or withdrawals to followup.67
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External validity is dependent on multiple factors, including the characteristics of the
participants, the intervention, and the setting of the trial.68 Enrolled patients can differ
substantially from eligible patients and ineligible patients with the condition of interest, or
both, representing only a select population. An analysis of RCTs in high-impact medical
journals found that only 47% of exclusion criteria were well-justified, and large
subpopulations, such as women, children, the elderly, and patients with common medical
conditions, were often excluded from RCTs.69 In evaluating external validity, the difference
between efficacy (explanatory) and effectiveness (management or pragmatic) trials must also
be considered. Efficacy trials test whether therapies work under ideal conditions (eg, highly
protocolized interventions and small number of homogeneous patients), and effectiveness trials
test whether therapies work under routine or “real-world” circumstances (eg, large number of
diverse patients and broad range of clinically acceptable co-interventions). Efficacy trials
maximize internal validity and effectiveness trials emphasize external validity.70

Well-designed RCTs reduce systematic errors from selection bias, biased treatment
assignment, ascertainment bias, and confounding. Even with adequate randomization and
allocation concealment, as described here, both random and systematic errors can still occur.
Larger sample sizes can decrease the risk of imbalances because of chance and can increase
the external validity of trials as well by including more diverse patients (eg, pragmatic trials).
A description of all potential threats to validity is beyond the scope of this article.

Despite the perceived barriers to performing randomized clinical trials in surgery, they remain
the gold standard for evaluating an intervention. Surgeons must be aware of the potential
methodologic flaws that can invalidate results, both in interpreting and applying the literature
and in designing future trials. To promote rigorous, high-quality studies, surgeons should be
aware of variations in trial design, and increase use of alternative designs when conventional
trials would not be feasible or suitable.
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Figure 1.
Randomization procedures. In this example, balls represent patients and the color represents a
prognostic factor (eg, ethnicity). (A) In simple randomization, group assignment can be
determined by a flip of a coin, roll of a die, random number table, or computer program. With
small sample sizes, there can be an unequal number in each treatment arm or an unequal
distribution of prognostic factors, or both. Note that the numbers in the treatment arms are
unequal and the prognostic factor is unevenly distributed between the two. (B) In blocked
randomization with uniform or equal blocks, randomization occurs in groups (blocks), and the
total sample size is a multiple of the block size. In the figure, balls were randomized in blocks
of six. Note that the number in each treatment arm is equal, but the prognostic factor is not
equally balanced between the two. (C) In blocked randomization with varied blocks, the size
of the blocks changes either systematically or randomly to avoid predictability of treatment
assignment. In the figure, the first block has eight balls and the second block has four balls.
Again, the number in each treatment arm is equal, but the prognostic factor is not balanced
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between them. (D) In stratified blocked randomization, the total sample is divided into one or
more subgroups (strata) and then randomized within each stratum. In this example, the sample
population is divided into black and white balls and then randomized in blocks of six. There
are an equal number of balls in both arms, and the distribution of the black and white balls is
balanced as well.
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Figure 2.
Adaptive randomization: play the winner randomization rule. In this example, the color of the
ball represents the treatment assignment (white = treatment A, black = treatment B). A ball is
selected and then replaced. Based on the outcomes of the treatment selected, a ball representing
the same or opposite treatment is added to the sample. The rule repeats itself. If the two
treatments have similar outcomes, then there will be an equal distribution of balls at the end
of the trial. If one treatment has substantially better outcomes, then there will be more balls
representing that treatment. Patients entering the trial have a better chance of having an
effective treatment and less of a chance of having an ineffective or harmful treatment.
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Table 1
Examples of Randomization

Simple randomization

21 46 67 64 29

79 64 60 55 67

86 72 36 100 95

43 61 25 50 53

Random allocation of treatment

B A B A B

B A A B B

A A A A B

B B B A B
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