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Abstract
Objectives To assess the risk of citation bias in imaging diagnostic accuracy research by evaluating whether studies with higher
accuracy estimates are cited more frequently than those with lower accuracy estimates.
Methods We searchedMedline for diagnostic accuracy meta-analyses published in imaging journals from January 2005 to April
2016. Primary studies from the meta-analyses were screened; those assessing the diagnostic accuracy of an imaging test and
reporting sensitivity and specificity were eligible for inclusion. Studies not indexed in Web of Science, duplicates, and inacces-
sible articles were excluded. Topic (modality/subspecialty), study design, sample size, journal impact factor, publication date,
times cited, sensitivity, and specificity were extracted for each study. Negative binomial regression was performed to evaluate the
association of citation rate (times cited per month since publication) with Youden’s index (sensitivity + specificity -1), highest
sensitivity, and highest specificity, controlling for the potential confounding effects of modality, subspecialty, impact factor, study
design, sample size, and source meta-analysis.
Results There were 1016 primary studies included. A positive association between Youden’s index and citation rate was present,
with a regression coefficient of 0.33 (p = 0.016). The regression coefficient for sensitivity was 0.41 (p = 0.034), and for speci-
ficity, 0.32 (p = 0.15).
Conclusion A positive association exists between diagnostic accuracy estimates and citation rates, indicating that there is
evidence of citation bias in imaging diagnostic accuracy literature. Overestimation of imaging test accuracy may contribute to
patient harm from incorrect interpretation of test results.
Key Points
• Studies with higher accuracy estimates may be cited more frequently than those with lower accuracy estimates.
• This citation bias could lead clinicians, reviews, and clinical practice guidelines to overestimate the accuracy of imaging tests,
contributing to patient harm from incorrect interpretation of test results.
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Abbreviations
CR Conventional radiography
CT Computed tomography
DTA Diagnostic test accuracy
ID Identification
MM Mammography
MR Magnetic resonance imaging
NM/O Nuclear medicine/other
PET Positron emission tomography
Sens Sensitivity
Spec Specificity
US Ultrasound

Introduction

Citation bias, resulting from the selective citation of articles
based on their results, is a common issue in bio-medical re-
search [1, 2]. The preferential citation of articles with favor-
able or statistically significant results can lead to over-
representation of certain studies in the literature [1, 3].
Combined with use of citation rate as a surrogate for study
quality, this process may inflate the perceived value of studies
that are highly cited, based solely on the direction or signifi-
cance of their results [4]. Given its ability to distort the body of
information available on a given subject, preferential citation
may adversely influence which evidence clinicians, reviews,
and clinical practice guidelines choose to inform their
imaging-related recommendations and decisions [5].

Citation bias among trials of therapeutic interventions has
been well-documented [6–9]. Diagnostic accuracy research
differs from evaluations of therapeutic interventions, since it
does not a lways produce a resul t of Bs ta t is t ical
significance^—rather, it typically provides estimates of test
accuracy with confidence intervals.

It is not known whether studies producing higher diagnos-
tic accuracy estimates (analogous to positive or statistically
significant results in therapeutic trials) are similarly subject
to preferential attention. Although previous work has evaluat-
ed associations of accuracy estimates with other forms of bias
(e.g., time-lag bias and reporting bias) [10–12], to our knowl-
edge, there are no published studies evaluating citation bias in
the area of diagnostic accuracy research.

The more frequent citation of results showing higher accu-
racy in clinical practice guidelines, commentaries or non-
systematic reviews could lead clinicians to overestimate the
accuracy of imaging tests. Identification of preferential cita-
tion in this area of research would therefore be a key initial
step in improving the quality of the literature that guides pa-
tient care. The purpose of this study was to assess the risk of
citation bias in imaging diagnostic accuracy research by eval-
uating whether studies with higher accuracy estimates are cit-
ed more frequently than those with lower accuracy estimates.

Methods

Research ethics board approval is waived for this type of study
at our institution.

The study protocol was agreed upon a priori and is avail-
able on the Open Science Framework [13].

Search strategy

We employed a convenience sampling strategy, by which pri-
mary studies were identified for inclusion from a previously
collected series of diagnostic accuracy imaging systematic
reviews [14]. A flow diagram outlining study inclusion for
the prior study (i.e., our initial convenience sample) is avail-
able as Supplementary Fig. 1. The search strategy was as
follows: Medline was searched, applying a systematic review
filter, in addition to a previously published search filter for
meta-analysis or systemic reviews of studies of diagnostic test
accuracy (Appendix 1) [15–17]. Search results were restricted
to radiology, nuclear medicine, and medical imaging journals,
as defined by Clarivate Analytics Journal Citation Reports
(Appendix 2) [18], and limited to articles published in
English between January 1st, 2005, and April 30th, 2016.

All included systematic reviews were on a topic of imaging
diagnostic test accuracy, published in imaging journals, and
obtained summary estimates of sensitivity and specificity
using a hierarchical pooling method.

Study inclusion

All primary studies that were represented in the selected meta-
analyses were screened for inclusion in the present study. One
investigator (R.F., 4th year medical student) screened all re-
cords for eligibility and identified studies for inclusion.

To be included, an article was expected to meet the follow-
ing criteria: primary study assessing the diagnostic accuracy
of at least one imaging test and report at least one original set
of sensitivity and specificity estimates, or complete 2 × 2 data.

Studies were excluded for following reasons: two authors
unable to locate or access the full text through institutional
subscriptions; not indexed inWeb of Science (unable to obtain
citation data); and duplicate occurrences of an included study
from another meta-analysis.

Data collection

Data extraction was independently performed in duplicate by
eight authors. Imaging modality, organ-based subspecialty,
study design, and sensitivity and specificity were extracted
by R.F., W.D. (second year radiology resident) J.S. (clinical
epidemiology Master’s student), A.D. (second year medical
student), N.K. (MD), T.M. (fourth year medical student),
M.W. (third year radiology resident), N.L. (third year medical
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student), and I.G. (third year medical student). Discrepancies
were resolved by consultation with a third author (M.M., ra-
diologist with 10 years of clinical experience and 6 years of
experience performing systematic reviews). 2016 journal im-
pact factor was extracted (not in duplicate) by J.S., A.D., N.K.,
T.M., W.D., M.W., and N.L.. Times cited was extracted by
R.F. on February 19th–20th, 2018, for all studies. Article ti-
tles, publication date, authorship, journal, and sample size
were previously collected for use in a prior study [14].

Complete details regarding data collection and classifica-
tion are outlined in Appendix 3.

Statistical methods

A negative binomial regression analysis was performed to
evaluate the strength of association between Youden’s index
(calculated as sensitivity + specificity -1) and citation rate for
the included primary studies, controlling for the following
confounding effects: 2016 journal impact factor, imaging mo-
dality, organ-based subspecialty, study design, sample size,
and source meta-analysis. We hypothesized that there would
be a positive association.

A sensitivity analysis, excluding any studies for which the
month of publication was unavailable, was also performed.
Additional subanalyses were performed using the same statisti-
cal approach to assess the association of citation rate with sen-
sitivity alone and specificity alone (rather than Youden’s index).

Positive and negative regression coefficients were consid-
ered to represent positive and negative associations, respective-
ly, between a given variable and citation rate. The magnitude of
the regression coefficient represents the relative strength of as-
sociation between the variable and citation rate (i.e., a coeffi-
cient of 1.0 represents an association twice as strong as a coef-
ficient of 0.5). Specifically, for a one unit change in the diag-
nostic accuracy estimate, the log of the citation rate is expected
to change by the value of the regression coefficient (when other
potential confounding variables in the model are held constant).
The direction of association (positive versus negative) for cate-
gorical variables is interpreted relative to the reference category.
A significance level (α) of 0.05 was used for all hypothesis
tests. All analyses were performed in R version 3.4.3 [19].

Results

Search and inclusion

We screened 1458 primary studies from 98 meta-analyses for
inclusion. After applying inclusion and exclusion criteria, the
final analysis included 1016 primary studies from 97 meta-
analyses. The detailed study selection process is outlined in
Fig. 1. Appendix 4 contains a complete reference list of all
included systematic reviews.

Study characteristics

Publication dates for the included studies ranged from
May 1985 to May 2015. Complete publication dates were
available for 493 studies (49%), while 523 studies (51%)
had to be assigned either the default day (n = 509, 50%) or
default month and day (n = 14, 1%). Of 241 publishing
journals, 619 included studies (61%) were from imaging
journals, the most common being Radiology with 98 (10%)
of the included studies. The most strongly represented subspe-
cialty and modality were cardiac imaging (n = 266, 26%) and
magnetic resonance imaging (n = 288, 28%), respectively,
while the most common study topic was cardiac CT (n =
122, 12%). The majority of studies reported prospective de-
sign (n = 473, 47%), while 220 (22%) were retrospective and
323 (32%) did not specify. Characteristics of the included
studies are summarized in Tables 1 and 2.

The mean citation rate among included studies was 0.51
citations per month (95% CI [confidence interval], 0.47–
0.55). The highest citation rate was 7.57 citations per month,
for a randomized study published in the New England Journal
of Medicine, assessing CT virtual colonoscopy versus optical
colonoscopy for colorectal cancer screening and reporting a
Youden’s index of 0.898.

Preferential citation

A positive association between Youden’s index and citation
rates was present; regression coefficient = 0.35 (p = 0.011).
After excluding 14 studies with no reported month of publi-
cation, this association was maintained with a regression co-
efficient = 0.34 (p = 0.017).

Assessment of the association between highest reported sen-
sitivity and citation rate yielded a regression coefficient of 0.43
(p = 0.027). The association between highest reported specific-
ity and citation rate was not statistically significant, yielding a
regression coefficient of 0.33 (p = 0.14). Regression coeffi-
cients for the variables of interest and selected potential con-
founders are presented in Table 3. A complete set of regression
coefficients from each analysis is available in Appendix 5.

Discussion

A positive association between diagnostic accuracy estimates
(Youden’s index, sensitivity) and primary study citation rates
was identified. This suggests that studies reporting higher di-
agnostic accuracy are preferentially cited in the imaging diag-
nostic accuracy literature.

Despite the popular belief that citation rate is indicative of study
quality, it is not surprising that our study identified preferential
citation of favorable results. Several prior studies have identified
drivers of citation other than study quality, such as study
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availability, utility of results, and industry funding [4, 20, 21].
Furthermore, a recent meta-analysis found that citation bias is
prevalent in the bio-medical literature, where studies with statisti-
cally significant results, positive results, hypothesis-supporting re-
sults, or favorable conclusions are cited more frequently [1]. This
issue has been identified for therapeutic trials on topics of cardiol-
ogy, gastroenterology, orthopedics, immunology, addiction medi-
cine, and psychiatry, among others [6, 9, 22–25], but not previ-
ously for diagnostic accuracy research (imaging or otherwise).

Our results suggest that the preferential citation in the included
studies is largely driven by sensitivity estimates, as the regression
coefficient for specificity was smaller and not statistically signif-
icant. This finding is consistent with the results of a recent study
assessing time-lag bias in imaging diagnostic test accuracy stud-
ies, which found that higher Youden’s index and sensitivity, but
not specificity, were associated with more rapid study publication
[12]. The occurrence of this pattern of bias in two independent
studies suggests that sensitivity might be considered more

Fig. 1 Flow diagram
demonstrating study selection.
DTA, diagnostic test accuracy;
Sens, sensitivity; Spec,
specificity; ID, identification

Table 1 Summary characteristics of 1016 included primary studies

Sample size Total citations Citation rate Impact factor Youden’s index Sensitivity (max) Specificity (max)

Mean 125 68 .51 5.244 0.79 0.92 0.92

Median 72 40 .33 3.640 0.82 0.96 0.96

Range 5–3940 0–1292 0–7.57 0–72.406 -1.7–1.0 0.0–1.0 0.22–1.0

Standard deviation 222 91 .609 6.097 0.17 0.12 .10

Variance 49,146 8304 .371 37.171 0.030 0.014 .011

Citation rate expressed as citations per month
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important than specificity by authors in the imaging research
community. This notion is further supported by the fact that 29
studies were excluded from our analysis for not reporting speci-
ficity, compared to only two failing to report sensitivity. However,
it interesting that the regression coefficient was similar for
Youden’s index and specificity—as with any negative result, it
is possible that our study may have been underpowered to detect
an existing association between specificity and citation rate.

The significant positive association demonstrated between
citations and impact factor was expected. The two metrics are
related—journal impact factor is, by definition, a function of
study citations within that journal. In addition, there is a popular
perception that journal impact factor is a reliable surrogate for
study quality, which could promote citations [26].

The findings of our study might warrant concern for the field
of diagnostic imaging and general clinical practice. In order to
make informed decisions regarding the utility of a diagnostic
imaging test, radiologists and clinicians should have balanced
exposure to all of the relevant evidence. The impact of preferen-
tial citation is likely greatest for topics that have not been sum-
marized by systematic reviews. Well-conducted systematic re-
views theoretically consider all articles relevant a topic, regard-
less of accuracy estimates. However, non-systematic reviews,
commentaries, and clinical practice guidelines often rely on ad
hocmethods for study inclusion and citation. As such, these non-
systematic evaluations may (likely unintentionally) select and
cite studies with higher accuracy and contribute to citation bias.

Imaging results are often instrumental in guiding patient care
decisions, with substantial influence on patient outcomes. If the
citation pattern detected in this study is partially attributable to
selective inclusion of evidence in diagnostic accuracy review
articles, this could potentially translate to flawed clinical prac-
tice guidelines. Through disproportionate representation of

studies with high accuracy estimates in reviews and guidelines,
the resulting citation bias could drive clinicians to overestimate
the accuracy of imaging tests. Overestimating sensitivity, in
particular, can lead to false reassurance and delayed diagnosis,
potentially contributing to adverse health outcomes.

It is important that physicians and researchers are aware of
citation bias in the literature in order to mitigate its impact on
patient care. At the patient-care level, clinicians should seek
high quality systematic reviews or perform an in-depth search
of the primary literature in order to adequately answer their
clinical questions. From a publication perspective, journal edi-
tors and authors (particularly those of clinical guidelines and
non-systematic reviews) should endeavor to minimize miscon-
ceptions by including explicit statements regarding the how
well the cited studies reflect the trends in the literature [1].

Our study is subject to limitations. We employed a conve-
nience sampling strategy, drawing from a previously collected
set of meta-analyses. However, it is unlikely that this conferred
substantial bias, as the included primary studies effectively rep-
resent a random sample, and we controlled for the source meta-
analysis in the statistical analysis.While we accounted for several
key potential confounding variables in the statistical analysis,
additional study characteristics potentially influencing both accu-
racy estimates and citation rate were not feasible to assess, such
as studymethodology and quality.While itmight have been ideal
to account for the influence of study quality on citation rate, this
might represent an unnecessary (and arguably futile) endeavor in
that there is no universal quality metric for diagnostic accuracy
studies that might influence citations. While completeness of
reporting as measured by STARD can be considered a reproduc-
ible quality metric, multiple studies have found no association
between STARD adherence and citations [27, 28]. Furthermore,
another useful quality measure, QUADAS-2, utilizes a variable

Table 2 Summary of included
study topics by organ-based sub-
specialty and imaging modality

Modality

Subspecialty

CR MM US MR CT PET PET/
CT

NM/
O

Multi Total

Breast 0 4 35 57 0 4 0 8 0 108

Cardiac 0 0 15 30 122 7 1 91 0 266

Thoracic 0 0 0 10 0 5 17 0 1 33

Gastrointestinal 0 0 65 82 60 6 18 2 2 235

Genitourinary 0 0 27 46 2 10 8 0 0 93

Head and Neck 0 0 30 5 4 10 25 1 2 77

Musculoskeletal 0 0 0 3 0 24 8 14 0 49

Neuroradiology 0 0 24 19 21 11 4 4 0 83

Obstetrical 0 0 14 0 0 0 0 1 0 15

Vascular/interventional 0 0 0 36 1 0 0 0 0 37

Other 0 0 0 0 1 9 10 0 0 20

Total 0 4 210 288 211 86 91 121 5 1016

CR conventional radiography, MM mammography, US ultrasound, MR magnetic resonance imaging, CT com-
puted tomography, PET positron emission tomography, NM/O nuclear medicine/other, Multi multiple/combined
modalities
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scoring system specifically tailored to each individual study and
therefore could not be reliably compared between multiple stud-
ies for a regression analysis [29]. Given our very large sample
size (1016 primary studies cited a total of 69,330 times), it was
not feasible to assess the nature of each individual citation. Thus,
we are unable to comment on the sources of citations (e.g., self-
citation, recent study building upon prior work, bibliometric
study, review article, and clinical guideline) and the context of
the citations (e.g., referencing accuracy estimates versus other
study data, supporting or refuting cited information, and appro-
priate or inappropriate interpretation of cited results). Our initial
evaluation of citation trends in diagnostic accuracy research has
identified preferential citation of primary studies with higher di-
agnostic accuracy estimates. While this could represent over-
inclusion in reviews and guidelines, other drivers of this

phenomenon (e.g., more recent studies tending to reproduce or
expand upon prior studies that show promising results) must also
be considered. Future detailed analyses of the nature of these
citations would be useful in clarifying the relative influence of
citation bias in diagnostic imaging research. While it would the-
oretically be possible for future study to performing a similar
analysis accounting nature of citations, the feasibility of this is
questionable. Firstly, simply identifying the individual sources
for hundreds of citations would prove to be a daunting task,
and assessing the nature of these citations would undoubtedly
be both subjective and labor-intensive. Ultimately, we expect that
this would necessitate a substantial reduction in sample size,
thereby sacrificing statistical power (an important strength of
the present study). Another barrier to accounting for the nature
of citations is that a major driver of citation might be the novelty

Table 3 Association of multiple
variables with citation rate, as
determined by negative binomial
regression analysis

Variable Regression coefficient Standard error p value

Outcomes of interest

Youden’s index 0.35 0.14 0.011*

Max. sensitivity 0.43 0.19 0.027*

Max. specificity 0.33 0.22 0.14

Potential confounders

Journal impact factor 0.083 0.0041 < 0.001*

Sample size 1.3 × 10-4 1.2 × 10-4 0.26

Subspecialty groupa

Abdominal imaging -0.27 0.58 0.64

Chest imaging -0.46 0.78 0.57

Neuro/musculoskeletal imaging -1.13 0.58 0.051

Other REF N/A N/A

Modality

Computed tomography 0.13 0.38 0.74

Magnetic resonance imaging 0.13 0.33 0.69

Positron emission tomography 0.56 0.35 0.11

PET/CT 0.46 0.35 0.18

Ultrasound 0.11 0.35 0.76

Mammography -0.76 0.48 0.11

Nuclear medicine/other -0.36 0.35 0.31

Multiple/combined modalities REF N/A N/A

Study design

Prospective 0.14 0.052 0.0074*

Retrospective 2.3 × 10-3 0.069 0.97

Not reported REF N/A N/A

Positive regression coefficient represents a positive association between variable and citation rate. Negative
regression coefficient represents a negative association between variable and citation rate. Associations for
categorical variables are defined relative to the reference category. Variable categories with coefficient indicated
as BREF^ were used as the reference category for their respective categorical variables.

Values displayed for potential confounding variables were obtained from Youden’s index analysis. Coefficients
from other analyses are available in Appendix 6

*Significance defined as p < 0.05
a Subspecialty groups for the analysis were defined as follows: abdominal imaging (gastrointestinal, genitourinary,
and obstetrical), chest imaging (thoracic, cardiac, and breast), and neuro/musculoskeletal imaging (neuroradiol-
ogy, head and neck, and musculoskeletal)
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of a topic can change abruptly over time. For instance, current
articles on the topics of artificial intelligence and machine-
learning may be preferentially cited regardless of accuracy re-
sults, but this could rapidly change as these technologies become
more commonplace. Given the inevitable delay between data
collection and publication of a manuscript, accounting for this
variable in a study might actually render the study less relevant
by the time of publication.We also did not account for the date of
publication of the included studies in our analysis. Our study
included primary studies published over a 30-year period, but
we have no reason to suspect a systematic increasing or decreas-
ing trend over time in reported accuracy estimates, though cita-
tion practices may have evolved substantially in this time frame.
The negative binomial regression model used may be criticized
for not accounting for B0^ counts of citations appropriately; how-
ever, the impact of this is likely minimal since only two of more
than 1000 studies were not cited. In addition, there may be some
bias introduced by citation of the primary studies in the Bsource
meta-analysis.^ However, the impact of this is also likely to be
minimal when the median and mean citations per included study
were 40 and 60, respectively. Furthermore, the citation of the
primary studies in the source meta-analysis was not a consistent
practice (some were listed in appendices rather than in the refer-
ence lists). Due to the nature of meta-research, our included
studies were limited to published articles, so wewere also unable
to account for publication bias (resulting from a failure to publish
disappointing results) as a potential confounding variable. We
only assessed the association of objective results with citation
rates; however, in the meta-analysis by Duyx et al [1], the vari-
able demonstrating the strongest association with citations was
favorable author conclusions. A similar phenomenon might be
present among imaging diagnostic test accuracy studies, as over-
interpretation of study results has been established as a common
practice in this area of research [30, 31]. Therefore, we could
have underestimated the true magnitude of citation bias in the
imaging diagnostic test accuracy literature—this is an important
and feasible topic of interest to be explored in a future study.

The preferential citation pattern identified in this study, with
higher accuracy estimates cited more frequently than lower ac-
curacy estimates suggests that citation bias might exist in imag-
ing diagnostic accuracy literature, which could lead to overesti-
mation of test accuracy. Downstream consequences of such bias
could include misdiagnosis and adverse health outcomes. With
identification of this risk as a key initial step, future studies ex-
ploring other potential drivers as well as the context of these
citations are warranted in order to further define the influence
of citation bias in imaging research. While this topic remains
under investigation, clinicians, review authors, and journal edi-
tors should exercise vigilance in their efforts to optimize citation
practices and enhance the quality of imaging literature.
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