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Abstract

Bias should be taken into account when assessing clinical trials. It can occur in various
forms in clinical studies and might influence the results in different directions. Bias can
occur through the selection of study patients, the investigators, the type of data, and
the analysis of the data. Different study types suffer from different potential biases. The
aim of this paper is to describe common types of clinical trials and to illustrate their
potential biases.
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Introduction

The quality and relevance of a research
project depends on the choice of the ap-
propriate study design. The study design,
in turn, is determined by the respective
research question and must be defined
before conducting the study. In general,
a distinction is made between original
studies including basic research, observa-
tional studies and interventional studies,
and review articles and meta-analyses. In
1981, Dr. David Sackett (McMaster Uni-
versity, Canada) and colleagues laid the
groundwork for evidence-based medicine
(EBM) [2]. From its inception, the goal
of EBM has been to integrate the best
available scientific evidence into clinical
decision making. In this process, it is nec-
essary to evaluate the available literature
on a specific topic to critically assess the
validity of the presented data. Therefore,
when evaluating clinical trials, classifica-
tion according to study type into different
levelsofevidence isanalmostomnipresent
concept. The classification ismade accord-
ingto therisk thatbias ispresent in thedata
[3, 4]. Blinded randomized controlled trials
(RCTs) have the highest scientific quality,

as they are at least subject to relevant bias.
In the following, the levels of evidence for
different research questions (therapeutic,
prognostic, diagnostic, economic) and dis-
ciplines have been adapted so that a clas-
sification can be made for each clinical
study (see . Fig. 1).

Original research

Basic research (non-human
research)

In this area, a fundamental distinction is
madebetween theoretical and applied ba-
sic research. Theoretical basic research
primarily comprises method development
and material testing, such as the devel-
opment/improvement of analytical (deter-
mination of markers, enzymes, genes) or
imaging measurement procedures (com-
puted tomography, magnetic resonance
imaging). Applied basic research includes
experiments onanimals, cells, biochemical
and genetic studies, andmaterial develop-
ment. This experimental research usually
involves studying the effects of changing
at least one independent variable on the
dependent variable. By performing stan-
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dardized experiments, high internal valid-
ity can be achieved, with usually limited
extrapolation of study results to clinical
reality.

Clinical research

In clinical (human) research, a basic dis-
tinction is made between observational
and interventional studies. Observational
studies are characterized by the fact that
thescientist cannotcontrol theassignment
of the treatment to the subjects, which can
lead to certain biases in the study results.
These include cohort studies, case–control
studies, cross-sectional and longitudinal
studies, as well as case series and single-
case presentations. Interventional clinical
trials, on the other hand, include studies
in which the researcher can assign partic-

ipants directly to an intervention, usually
by randomization. These include, in par-
ticular, RCTs (. Table 1).

Observational studies
Observational studies aim to gain insights
into possible associations between certain
diseases, their treatment, and other fac-
tors (e.g., individual life circumstances) of
the study participants. Here, study par-
ticipants are merely observed, so no spe-
cific intervention takes place as part of the
study. However, observational studies can
follow patients after predefined surgeries.
Mostly, observational studies involve large
groups of participants (healthy, patients/
experienced, orevenformerpatients), who
are usually evaluated by means of ques-
tionnaires. These observational studies
can be either retrospective or prospective

innature (. Fig. 2). Overall, thestudytypes
described below can also be summarized
as non-randomized studies (NRS).

Cohort studies follow patients based
on specific exposures (e.g., a particular
surgery), so they distinguish between ex-
posed and unexposed subjects. They can
be both prospective (level 2) and retro-
spective (level 3). In a prospectively de-
signed cohort study, the research ques-
tion is formulated before the start of the
study and patients are followed longitu-
dinally according to the study design. In
a retrospective cohort study, the research
question is formulated and answered on
the basis of existing data (e.g., register, in-
hospital database).

Case–control studies examinepatients
basedona clinical event (e.g., re-ruptureof
the anterior cruciate ligament). Patients in
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Table 1 Observational and interventional clinical studies

Observation
(prospective or retrospec-
tive)

Intervention
(prospective)

Cohort studies
Case-control studies
Cross-sectional studies
Longitudinal studies
Case series
Case reports

Interventional clinical studies
Clinical trial (according to AMG/MPG)
±controlled (e.g., placebo, healthy control, standard therapy . . . )
±randomized to prevent selection bias
±blinded to prevent information bias
±parallel group
±cross-over

AMG Arzneimittelgesetz (German Medicines Act),MPGMedizinproduktegesetz (German Medical
Devices Act)

whom the event occurred (cases) are com-
pared to patients without the event (con-
trols) to find possible differences. In the lit-
erature, the classifications as case–control
study and retrospective cohort study are
often incorrectly used as interchangeable.
Here, retrospective studies that follow pa-
tients based on a therapy (exposure), i.e.,
cohort studies, are incorrectly referred to
as case–control studies ([1]; . Fig. 3).

Case series also examine a group of
patients on thebasis of anevent. However,
in comparison to the case–control study,
there is no control group, so that only
descriptiveresultscanbederivedfromcase
series. Hypotheses arising from such data
must subsequently be tested in further
clinical trials of higher levels of evidence.
Therefore, case series have the lowest level
of evidence compared to the other study
designs.

In a cross-sectional study, the survey,
observation, ormeasurement is conducted
once, so it reflects only a snapshot in time.
Cross-sectional studies can be used both
descriptively and analytically. In contrast,
in a longitudinal study, the same survey,
observation, ormeasurement is conducted
at multiple timepoints, so it reflects pro-
cesses of change over time (. Fig. 4).

Selection bias in non-randomized tri-
als. The key feature of NRS is that the
included patients originate from current
common clinical practice and are not
subject to any study-specific intervention.
Regardless of whether data were collected
prospectively or retrospectively, the physi-
cian decides on the patient’s treatment
[6]. In addition to the available evidence,
the physician’s decision is influenced by
their own experience, the patient’s needs,

and other factors. For example, young,
athletically active patients with high phys-
ical demands may be more likely to be
recommended a reconstruction of the
anterior cruciate ligament than less ac-
tive, or older patients. If surgically and
conservatively treated patients are now
compared to each other with regard to
their clinical outcome, these confounding
variables (“confounders”) between the pa-
tient groups can lead to bias in the study
results. The conscious or subconscious
selection of patients for study groups
based on parameters that are not the
variable of interest (e.g., intervention) is
referred to as “selection bias” [7]. This can
lead to overestimation of the effects of
an intervention in an NRS. Thus, meta-
analyses that include NRS and RCTs fre-
quently show a more pronounced effect
of an intervention in NRS compared to
RCTs [8, 9]. In particular, small significant
effects in observational studies should be
interpreted with caution, as they may be
influenced by a relevant selection bias.

The most effective way to minimize se-
lection bias is randomization, as described
below. However, it is also possible to com-
pensate for confounding variables. A well-
known possibility is the implementation
of a “matched-pair” analysis. Here, the
study groups are composed in such a way
that they are similar in previously defined
basic variables that are known to have an
influence on the results (e.g., age, gender,
body mass index, smoking habits) [10].
However, matching can only compensate
for known confounding variables. Thus,
selection bias can at best be reduced, but
not fully eliminated. In addition to match-
ing, selection bias can also be reduced
by applying specific statistical methods,

e.g., through propensity score matching.
As explaining propensity score matching
would be outside the scope of this arti-
cle, we refer to exemplary literature [10,
11]. Regardless of whether specific efforts
were made to adjust for confounding vari-
ables, each scientific article should have
a description of the study groups [12].
This should include, in addition to epi-
demiological parameters (age, sex, body
mass index, smoking status, etc.), possible
study-specific confounding variables (e.g.,
meniscal or cartilage injuries in anterior
cruciate ligament reconstruction studies).
Thus, the reader can see for himself to
what extent the study groups are similar.

Retrospective assessment of preoper-
ative parameters and the recall bias.
A main drawback of retrospective studies
is the fact that patients find it difficult
to adequately reconstruct their medical
history. When subjective parameters are
queried, this can lead to biases known as
“recall bias.” For example, Crutchfield and
colleagues showed thatwhen patients ret-
rospectively answered patient-centered
questionnaires after hip arthroscopy, this
recall bias caused patients to rate their
preoperative subjective condition signif-
icantly worse than it actually was. This
then leads to overestimation of the ef-
fect of an intervention postoperatively
[13]. Similar observations were shown
in shoulder and knee surgery [14, 15].
Thus, a prospective survey of outcome
parameters, as performed in prospective
cohort studies, is preferable.

Outcome parameter collection. Out-
come parameters in clinical studies can
be assessed in various ways. While ob-
jective parameters (e.g., quantification of
knee joint stability using the Rolimeter®
(Aircast Europa, Neubeuern, Germany))
have to be collected by an investigator,
there are different ways to collect sub-
jective patient-centered parameters. In
particular, the regularly queried patient-
reported outcome measures (PROMs) are
suitable for collection using web-tools or
by telephone, provided they have been
validated for this purpose. However, the
manner of collection can have signifi-
cant influences on the outcome. Acosta
et al. showed in their meta-analysis that
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PROMs collected by telephone showed
significantly higher scores than online-
based or face-to-face collection [16]. This
is not necessarily a problem as long as
the same methods are used consistently
throughout the study. However, it reg-
ularly occurs that the initial survey was
conducted during a face-to-face presen-
tation (at inclusion), but the subsequent
final evaluation, especially in the case of
long-term follow-up, was conducted by
telephone. This could bias postoperative
values towards larger effects.

Intervention studies

Prospective RCTs are generally accepted as
the gold standard of clinical intervention
studies (level 1) [17]. However, even this
type of study is subject to certain risks of
bias that may call the study results into
question, and not every RCT is of equally
high quality [5].

Randomization as a solution to selec-
tion bias. The main feature of RCTs is
randomization. During randomization,

patients who meet the inclusion criteria
defined before the start of the study are
randomly assigned to one of the study
groups. This ensures an equal or random
distribution of potential confounders be-
tween the study groups. Selection bias, as
described above, is thus largely excluded
or its risk is reduced [17]. Randomization
can be performed with various meth-
ods. In addition to the classic coin flip,
commonly accepted methods include
allocation using computer-generated se-
quences [18, 19]. Non-accepted strategies
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are randomization by sex, date of birth,
date of inclusion, or other patient- or
clinic-specific factors, as they do not guar-
antee adequate randomization. It is also
important that allocation remains un-
known to the including personnel, hence
preventing (conscious or unconscious)
allocation to a preferred group (blinding
of allocation) [20].

One problem that regularly arises in
surgical intervention trials is patient (non-
)compliance. For example, patients ran-
domized to surgery may decide not to
undergo surgery, thereby losing the orig-
inal randomization. One way to account
for this is to perform an intention-to-treat
(ITT) analysis, in which patients are still
analyzed in the group to which they were
originally randomized, regardless of the
actual therapy. For a detailed discussion
of the specifics of ITT, as well as possible
alternatives, we refer the reader to the rel-
evant AGA Research Committee article by
Laky et al. [21].

The problem of blinding in orthopedic
RCTs. Blinding in orthopedic studies can
occur at different levels. Blinding of the
surgeon is not possible for obvious rea-
sons. In the case of intervention stud-
ies, implementation of studies blinded to
the patient is only possible by performing
a sham operation, which presents relevant
ethical hurdles, so that this can only be
justified in very rare cases [22]. Lastly, the
person collecting the clinical endpoints
(e.g., physical examination at follow-up)
can be blinded. If this is not the case,
it may lead to observer bias, as knowl-
edge about the patient’s treatment may

consciously or unconsciously influence the
observer’s assessments [23]. Both the lack
of blinding of the patient and the person
following up can lead to significant bias
in the reported results. Usually, this leads
to overestimation of the effect of a treat-
ment [24, 25]. The challenges that can
arise from this problem, as well as possi-
ble solutions, have already been reviewed
in aprevious article from the research com-
mittee of Günther et al. [26].

Loss to follow-upandattritionbias. Ide-
ally, all patients included at the beginning
of a study are available for follow-up at
the end of data collection. However, as
patients may move away, die, become un-
reachable, or no longer be interested in
participating in the study, collection of all
datasets is unrealistic, especially in longer-
term studies. However, subjects lost to
follow-up may differ significantly in terms
of their characteristics from the remain-
ing patients. Randomization in an RCT, as
described above, ensures homogeneity of
study participants between trial groups.
If the loss-to-follow-up differs between
the study groups, this may mean that the
homogeneity of the groups obtained by
randomization is no longer guaranteed,
which may lead to a difference between
thegroups that canno longer beexplained
by the intervention. This bias in study re-
sults due to the asymmetric omission of
patients for the final analysis of a study
is referred to as attrition bias [27]. The
relevance of attrition bias is highlighted
in the work of Akl and colleagues [28]. In
their systematic review, up to one third of
the included studies lost their significant

difference between groups when a signifi-
cant difference was simulated for patients
who were no longer available for follow-
up compared to the remaining patients.
Generally applicable thresholds for the ex-
tent at which the loss of study patients
becomes relevant cannot be found in the
literature. As a rule of thumb, it is stated
that a loss below 5% is indicative of a low
risk of attrition bias, whereas a loss above
20% is considered a high risk [27, 29].
However, the ratio of the loss to follow-up
between study groups is more important
than the absolute number of subjects lost
for final analysis [29].

Secondary research (review
articles andmeta-analyses)

In secondary research, previously pub-
lished work is summarized as simple
(narrative) or systematic reviews with or
without meta-analysis. In a systematic
review, all previously published primary
studies are systematically identified, se-
lected, and critically evaluated for a clearly
defined research question. The results are
then summarized descriptively or quan-
titatively using statistical methods in the
form of a meta-analysis. Meta-analysis is
thus a statistical method for quantitatively
combining the results of studies dealing
with the same research question into
an overall result within the framework
of a systematic review. This is intended
to increase the informative value com-
pared to the respective individual studies.
A simple (narrative) review, on the other
hand, is based on a non-systematic selec-
tion process, so that a subjective partial
selection of the studies can occur.

Conclusion

4 Evidence levels of clinical studies are
based on the susceptibility of a study
type to bias.

4 Theprimary limitationofnon-randomized
studies (NRS) is that study groups differ in
termsof thedistributionof knownandun-
known confounders, which can influence
the study results (selection bias).

4 NRS tend to overestimate the effect of an
intervention, which can be due to various
reasons.

4 Randomized controlled trials (RCTs) rep-
resent the highest level of evidence, as
they are the least susceptible to bias due
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to their methodology. However, random-
ized controlled trials can also be subject
to bias, which can influence the study
results.

4 The difficulty of blinding in orthopedic
RCTs poses a problem.
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