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Accurate detection of Alzheimer’s disease (AD) is of considerable clinical importance.
The Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) is the current
research standard for evaluating the quality of studies that validate diagnostic tests;
however, its own construct validity has not yet been evaluated empirically. Our aim was to
evaluate how well the proposed QUADAS-2 items and its domains converge to indicate
the study quality criteria. This study applies confirmatory factor analysis to determine
whether a measurement model would be consistent with meta-analytic data. Cochrane
meta-analyses assessing the accuracy of AD diagnostic tests were identified. The seven
ordinal QUADAS-2 items, intended to inform study quality based on risk of bias and
applicability concerns, were extracted for each of the included studies. The QUADAS-2
pre-specified factor structure (i.e., four domains assessed in terms of risk of bias and
applicability concerns) was not testable. An alternative model based on two correlated
factors (i.e., risk of bias and applicability concerns) returned a poor fit model. Poor factor
loadings were obtained, indicating that we cannot provide evidence that the indicators
convergent validity markers in the context of AD diagnostic accuracy metanalyses, where
normally the sample size is low (around 60 primary included studies). A Monte Carlo
simulation suggested that such a model would require at least 90 primary studies to
estimate these parameters with 80% power. The reliability of the QUADAS-2 items to
inform a measurement model for study quality remains unconfirmed. Considerations for
conceptualizing such a tool are discussed.
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INTRODUCTION

Alzheimer’s disease (AD), singly or in combination with
other neuropathological processes, is responsible for the
majority of dementia cases worldwide. In part because of its
frequent co-occurrence with other conditions (1), and its own
marked phenotypic variability (2), precise diagnosis remains
challenging (3). Significant progress has been made in the
development of AD biomarkers, including medial temporal
lobe atrophy on magnetic resonance imaging (MRI) (4, 5),
temporoparietal hypometabolism or hypoperfusion on positron
emission tomography (PET) (6, 7), alterations in cerebrospinal
fluid amyloid, tau, and phosphorylated tau levels (8), amyloid-
ligand PET (9), and most recently tau-ligand PET (10, 11).
Despite these advances, diagnosis remains reliant on clinical
assessment. Biomarkers are supportive, rather than diagnostic,
and their incorporation into the newest generation of diagnostic
criteria has been inconsistent.

The National Institute of Neurological Disorders and Stroke-
Alzheimer Disease and Related Disorders (NINCDS-ADRDA)
criteria (12), served as the research standard until it was
superseded by the National Institute on Aging—Alzheimer’s
Association (NIA-AA) (13). Its companion criteria was the
Diagnostic and Statistical Manual of Mental Disorders, fourth
edition (DSM-IV-TR) (14), itself recently revised in the
Diagnostic and Statistical Manual of Mental Disorders, fifth
edition (DSM-V) (15). Although not formally designed for
clinical use, both have heavily informed the medical diagnosis of
AD. They have since been joined by the International Working
Group (IWG) criteria (16-18). The NIA-AA uses biomarkers
in a supportive role, the DSM-V does not require them at all,
and the IWG considers them mandatory. These differences in
approach reflect lingering uncertainty regarding the validity of
AD diagnostic tests. However, diagnosis must move beyond
clinical features alone in order to provide a more cogent linkage
between nosology and biological mechanisms. There is therefore
a crucial need for validation studies examining the accuracy of
AD diagnostic tests.

When examining diagnostic accuracy studies, it is important
to discriminate between the accuracy of the proposed diagnostic
test, and any methodological issues that could inflate or
underestimate the reported results, including uniform
assessment of study quality (19). The Quality Assessment
of Diagnostic Accuracy Studies (QUADAS) was developed
specifically to assess the methodological rigor of diagnostic
accuracy studies in systematic reviews (20).

The QUADAS was conceived in 2003, by a panel of nine
experts in the field of diagnostics that, using a Delphi procedure
(21), who evaluated 55 studies investigating the effects of bias
and variation on measures of test performance. It was considered
that sources of bias best supported by empirical evidence
were: variation by clinical and demographic subgroups, disease
prevalence/severity, partial verification bias, clinical review bias
and observer/instrument variation (22). Initially a list of 28 items
(22, 23) was produced, which was later reduced to 14 items in
a Likert scale format with three categories of answers (high risk,
unclear, low risk). A revised scale, the QUADAS-2, was proposed

in 2011 to “measure the degree to which individual study criteria
match the review question” (24), which includes seven of the
original 14 items. At that time, the authors emphasized that
further research would be necessary to determine the usability
and validity of the instrument (22).

Since 2011, the QUADAS-2 has been adopted widely and
applied in reviews of diagnostic accuracy studies across many
different medical areas, raising some concerning questions
regarding QUADAS-2 by some authors. Schueler et al. (25)
indicated a limitation associated with calculating inter-rater
agreement only on the domain questions. Cook et al. (24) felt
that the tool was not able to discriminate between poorly and
strongly designed studies, and that the QUADAS-2 offered no
obvious advantage over to the original 14-item QUADAS. Other
authors have criticized the purposively qualitative nature of the
QUADAS-2, which does not recommend scoring a study using a
numeric value, a fundamental quality of assessment scales (24).

Because the QUADAS-2 proposes to assess quality using
observed items, it is important to consider not only the validity
of those items (i.e., content validity) and additionally, whether
the items inform an underlying construct (i.e., construct validity).
The seven QUADAS-2 items were designed to assess the risk
of bias associated with, and/or the applicability to the general
population of, four methodological points (patient selection,
the index test, the reference standard used, and the flow
of patients through the study or timing of the index test
and reference standard) (25). Although all seven items have
content validity (26-28), their validity to inform the underlying
construct of quality has not been tested. This type of validity
is tested empirically to determine if the items function as
reliable indicators of their supposed underlying constructs (29).
If the indicators cannot be assessed reliably between studies,
the perceived quality of evidence may be inaccurate. Therefore,
it remains to be determined, in a practical sense, whether the
QUADAS-2 items, individually or taken as a whole, offer a valid
measurement of methodological quality in studies of diagnostic
tests for AD.

Confirmatory factor analysis (CFA) is an indispensable
analytic tool for construct validation (also called factorial validity
or internal consistency) (30). The technique is ideally suited to
determine how well each of the seven items measure the two
proposed domains (i.e., Risk of Bias and Applicability Concern).
CFA might be used to evaluate how well the proposed items
and domains converge to indicate the study quality criteria
(i.e., convergent validity). This study applies CFA to determine
whether a two-factor factor model (bias, application) for the
QUADAS-2 is consistent with the (meta-analytic) data in AD
diagnostic accuracy studies.

METHODS

This study was approved by the Ethics Committee of Research of
the Federal University of Sao Paulo (UNIFESP) under protocol
number 2613240615. The Cochrane Library was searched for (1)
meta-analyses of (2) diagnostic accuracy studies where (3) the
subject was AD. Studies reporting on other types of Dementia
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and Cognitive impairment were excluded. Primary studies that
were assessed using the QUADAS-2 were identified and any
duplicate primary study entries across the meta-analyses were
removed. The Reviewers assessments of each of the seven
QUADAS-2 items were recorded.

CFA, a structural equation modeling technique, was used
to evaluate the construct validity of QUADAS-2. As previously
defined Bollen (29), p. 182, “a measurement model specifies
a structural model connecting latent variables to one or
more measures or observed variables” (also called indicators,
represented by squares in Figures1, 2). Domains are latent
variables not directly observed (represented by ovals/circles) but
rather informed by the observed indicators. In the context of
structural equation modeling (a statistical technique which deals
with non-observed phenomenon), the risks of bias might not be
measured directly and therefore are called latent. In other words,
a construct or latent (in this case, risk of bias) represents what is
common within observable variables the seven criteria used by
Cochrane to measure bias.

The application of CFA assumes that studies have an
underlying intrinsic quality, and that this quality causes
the studies to have more favorable design and reporting
characteristics. This representation of a latent phenomenon is
called a reflective model. In contrast, a formative model would
characterize the studies by multiple markers of quality that may
be correlated but not necessarily causally related to each other
or to an underlying attribute, which together could be used
to summarize aggregate quality. Formative models, in which
a composite variable is modeled as weighted sum of the item
scores [see (31) for an introduction to formative versus reflective
models], have specific requirements for the identification of
its measurement models but, if met, then a formative model
would be identified. Some authors describe formative models as
hardy to identify [for major details see (32)]. Moreover, because
cause indicators are exogenous, their variances and covariances
are not explained by a formative measurement model, which
makes it more difficult to assess the validity of a set of cause
indicators (29). Here we use a reflective model to explicitly test
whether the items inform the underlying latent construct of study
quality.

Following the theoretical definition given by the Cochrane
Collaboration that defines quality as “both the risk of bias
and applicability of a study” (20) and the assertion that the
QUADAS-2 that “...comprises four domains: patient selection,
index test, reference standard, and flow and timing. Each domain
is assessed in terms of risk of bias, and the first 3 domains are
also assessed in terms of concerns regarding applicability” (20),
hence, a multitrait-multimethod CFA could reproduce the above
description in term of CFA. Another more parsimonious way to
transpose the QUADAS-2 description in terms of CFA's models
is with only two factors. Such a solution might be reasonably
evaluated due to identification rules below described.

Sample Size and Heterogeneity

To conduct CFA, our sample size constituted 58 primary
accuracy studies within the five following systematic reviews
(33-37), included primary accuracy studies from 1946 to 2013.

The systematic reviews aimed to determine the diagnostic
accuracies (from neuropsychological tests to biomarkers as
PET imaging with the ''C-labeled Pittsburgh Compound-B
and cerebrospinal fluid). No language or date restrictions were
applied to the electronic searches and methodological filters
used in the systematic reviews, maximizing sensitivity and given
heterogeneity to the sampling. There was no selection process
specific to AD instruments, using all the available systematic
reviews from Cochrane Library. The tests evaluated in these
five systematic reviews include the main techniques used to
detect AD. Details about the limitations of QUADAS-2 use under
different sample sizes in the context of systematic reviews will be
discussed below in the statistical analysis subheading.

Statistical Analysis

As an initial inspection, a simple correlation between the seven
items was done using a polychoric matrix; it is similar to
Pearson correlation matrix, but because the QUADAS-2 items
are categorical the correlation are based on polychoric point
estimation.

FIGURE 1 | Multitrait-multimethod conceptual model for QUADAS-2. RoB,
risk of bias; AC, applicability concern; PS, patient selection; IT, index test; RS,
reference standard; FT, flow and timing.

-37(.18)

.64(.28)

FIGURE 2 | Correlated-factor model for QUADAS-2 with standardized factor
loadings and standard errors in parenthesis. RoB, risk of bias; AC, applicability
concern.
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Because the QUADAS-2 items are ordered-categorical (i.e.,
low risk, unclear, and high risk), the weighted least squares
mean- and variance-adjusted (WLSMV) estimator was used. This
estimator offers more precise estimates of the factor loadings (38)
for categorical observed indicators (items), and it is the default
estimator in Mplus (39). Due to the complex sampling structure
(i.e., 58 original accuracy studies nested in five systematic
reviews), standard errors were computed by a sandwich estimator
and chi-square test of the model fit took into account the non-
independence of observation; for major details and discussion
about such implementation see (40, 41). The adopted statistical
significance level was 0.05.

The following fit indices were used evaluate the model fit
for CFA: chi-square, comparative fit index (CFI), Tucker-Lewis
Index (TLI), root mean square error of approximation (RMSEA),
and weighted root mean square residual (WRMR). For both the
CFI and TLI, values >0.90 and 0.95 were considered acceptable
and optimal fits to the data, respectively. For the RMSEA,
values <0.06 were considered reasonable and optimal fit to
the data, respectively. For WRMR, values near or below 0.90
were considered adequate (42). To evaluate the magnitude of
correlation between the latent response variables for QUADAS-
2 items and the factors, we used the factor loadings. To overcome
the disadvantages of Cronbach’s alpha (43), scale reliability for
QUADAS-2 model was estimated via factor loadings of CFA as
described by Joreskog (44).

Lastly, based on the obtained estimates (e.g., factor loadings
reported in the Figure2), we conducted a Monte Carlo
simulation analysis to evaluate the power and other related
parameters for different sample sizes of meta-analyses. Ten
thousand replications were considered to ensure the stability
of the results (e.g., average of the parameter estimates across
replications). The following criteria, as described by Muthén and
Muthén (45), were considered for the evaluation of the adequacy
of the sample size: (1) the proportion of replications for which the
95% confidence interval contains the true population parameter
value should between 0.91 and 0.98 and (2) the power for each
parameter must be superior to 0.80, as largely used (46). The
analysis were implemented in Mplus version 8.0.

RESULTS

Table 1 shows the proportions and counts for the seven ordinal
items of QUADAS-2.

Testing QUADAS-2 Models:
Multitrait-Multimethod Model

The four domains representation of QUADAS-2’s structure
might be depicted by multitrait-multimethod model (Figure 1),
where at the same time there are the four groups of items and
concomitantly they are measuring risk of bias and applicability
concerns. However, such a model structure is not identified,
because models with more than one domain must have at least
two indicators per domain (29, 47, 48). This limitation of the
QUADAS-2 precludes assessment under such methodology.

TABLE 1 | Proportions and counts for the seven items of QUADAS-2 (n = 58).

Items Answers  Proportions  Counts
Item 1 (Risk of bias: patient selection) High risk 0.224 13.000
Unclear 0.448 26.000
Low risk 0.328 19.000
Item 2 (Risk of bias: inex test) High risk 0.466 27.000
Unclear 0.121 7.000
Low risk 0.414 24.000
Item 3 (Risk of bias: reference standard)  High risk 0.103 6.000
Unclear 0.552 32.000
Low risk 0.345 20.000
Item 4 (Risk of bias: flow and timing) High risk 0.241 14.000
Unclear 0.172 10.000
Low risk 0.586 34.000
Item 5 (Applicability concerns: patient Unclear 0.069 4.000
selection) Low risk 0.931 54.000
Item 6 (Applicability concerns: index Unclear 0.121 7.000
test) Low risk 0.879 51.000
Item (Applicability concerns: reference High risk 0.052 3.000
standard) Unclear 0.086 5.000
Low risk 0.862 50.000

Two Correlated Factors Model

An alternative representation, a two correlated factors model
(Figure 2) is testable; however, Item 5 (Applicability concerns
related to Patient Selection) was almost perfectly correlated
(polychoric correlation = —0.987) with Item 7 (Applicability
Concerns related to the Reference Standard). This occurs due to
bivariate empty cells (i.e., zero values in a 3 x 3 cross tab between
some pairs of items in the polychoric correlation matrix) and
as consequence such a solution (the seven indicators together)
for QUADAS-2 is inadmissible; therefore, we tested a reduced
version without one of the QUADAS items involved in the high
correlation.

Removing Item 5, the following fit indices were obtained
[x*@) = 7.883, p = 0.445, CFI of 1.00, TLI of 1.044, RMSEA of
0.000 and WRMR of 0.493; Figure 2].

A naive interpretation of above fit indices would conclude that
the model has excellent fit indices. However, a model cannot be
retained based solely on values of global fit statistics; the residuals,
such as standardized, normalized, correlation, or covariance
residuals, must also be considered. The magnitudes of the factor
loadings were very low (Figure 2). Examining the correlations
among the individual items (Table 2), with the exception of the
correlation between Item 3 (Risk of Bias of Reference Standard)
and Item 7 (Applicability Concerns of Reference Standard), the
correlations between the items were also very low. As mentioned
above, it is equally important to consider the size of the model’s
parameter estimates as it is to consider the model goodness of the
fit in determining the factor load (30).
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TABLE 2A | Polychoric correlation matrix (standard errors in parenthesis).

Item 1 Item2 Item 3 Item 4 Item 5 Item 6 Item 7
Item 1 1
ltem 2 —0.301 (0.15) 1
ltem 3 —0.022 (0.17) 0.107 (0.18) 1
ltem 4 —0.270 (0.15) 0.217 (0.17) 0.214 (0.18) 1
ltem 5 0.096 (1.00) —0.038 (0.38) —0.262 (0.33) 0.117 (0.48) 1
Item 6 —0.313 (0.30) 0.265 (0.37) 0.107 (0.24) 0.202 (0.31) 0.611 (0.25) 1
ltem 7 —0.054 (0.20) 0.421 (0.22) 0.661 (0.19) 0.117 (0.25) —0.987 (0.00) 0.437 (0.26) 1

Item 1, Risk of bias-patient selection; Item 2, Risk of bias-index test; Item 3, Risk of bias-reference standard; Iltem 4, Risk of bias-flow and timing; Item 6, Applicability concerns-index

Test; Item 7, Applicability concerns-reference standard.

TABLE 2B | Model estimated residual correlation.

Item 1 Item 2 Item 3 Item 4 Item 6 Item 7
Item 1
ltem 2 —0.180
ltem 3 —0.158 0.156
ltem 4 -0.218 0.216 0.190
Item 6 -0.172 0.170 0.149 0.207
ltem 7 —-0.184 0.182 0.160 0.222 0.437

Item 1, Risk of bias-patient selection,; Item 2, Risk of bias-index test; Item 3, Risk
of bias-reference standard; Item 4, Risk of bias-flow and timing; Item 6, Applicability
concerns-index Test; ltem 7, Applicability concerns-reference standard.

As a result of poor correlations, presented in Table 2A,
the residual variances are greater than the common variances.
Residual variance is that unexplained by the factor that the
indicator is supposed to measure. Table 2B shows the model
estimated correlation residual, where these residuals exceed 0.10
in absolute value. Thus, the model does not explain very well
the observed correlation between their variables; specifically, the
model underpredicts their association.

Standardized factor loadings are also a proxy of item
reliability, where a higher factor loading indicates a more reliable
item. The reliability for risk of bias factor is 0.40 and for
applicability concern is 0.28.

Considering low factor loadings and high residual variances,
we are forced to conclude a lack of evidence to support that the
QUADAS-2 items adequately inform the measurement model
underlying the included studies.

The results of a Monte Carlo simulation, for different sample
sizes of systematic reviews, are presented in Table 4, where only
systematic reviews with more than 90 primary studies would offer
power higher 0.8 for the majority of the items. The exception
is item 3 (risk of bias: reference standard) which would have a
power of 0.722 given 90 included primary studies.

DISCUSSION

This study offers some evidence evaluating the construct validity
of the QUADAS-2 for assessing the quality of studies supporting

TABLE 3 | Common variance, its standard errors, p-values, and residual variance
for each QUADAS-2 ltems.

Indicators Common variances S.E. P-value  Residual variance
ITEM1 0.182 0.293 0.535 0.818
ITEM2 0.178 0.230 0.439 0.822
ITEM3 0.137 0.137 0.317 0.863
ITEM4 0.263 0.326 0.420 0.737
ITEM6 0.408 0.357 0.253 0.592
ITEM7 0.468 0.546 0.391 0.532

S.E, Standard error; Item 1, Risk of bias-patient selection, Item 2, Risk of bias-index test;
Item 3, Risk of bias-reference standard; Item 4, Risk of bias-flow and timing; Item 6,
Applicability concerns-index test; ltem 7, Applicability concerns-reference standard.

AD diagnostic tests. Although fit indices (CFI, TLI, RMSEA)
were adequate, it is a poor practice to decide on whether to retain
a model based solely on values of global fit statistics instead of
also considering the residuals, such as standardized, normalized,
correlation, or covariance residuals. This is because poor model
fit at the level of the residuals is not always detected by global fit
statistics [e.g., (49, 50)].

The original QUADAS-2 tool included 4 key domains that
pertain to patient selection, index test, reference standard, and
flow and timing (i.e., flow of patients through the study and
timing of the index tests and reference standard).

In order to create a testable measurement model in the
context of CFA, we transposed the QUADAS-2 items into two-
correlated factor solution (Figure2). Although the originally
proposed four factors might be better described using a
multitrait-multimethod model, or even with four-correlated
factor solution, statistically those models would be inadmissible
due to the limited number of items per factor (at least two
items per factor would be necessary (29, 47, 48). Therefore,
in order to produce a “testable” model that could provide
evidence supporting a four-factor tool, additional indicators
would be required. However, the alternative measurement model,
consisting of two domains informed by seven indicators, was
testable after removing a redundant Applicability Concern
item. The obtained fit indices support the validity of this
model.
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TABLE 4 | Monte carlo simulation study evaluating the proportion of replication and power for different meta-analysis sample size.

Item/Factor correlation N =60 N =60 N =60 N =60 N =60 N =60 N =60

PR Power PR Power PR Power PR Power PR Power PR Power PR Power
ltem1 0.936 0.699 0.941 0.700 0932 0.754 0918 0.782 0934 0.789 0.933 0.828 0.921 0.827
ltem 2 0.934 0.660 0922 0693 0932 0.727 0936 0.754 0936 0.793 0.924 0.810 0.942 0.819
Item 3 0.947 0553 0918 0590 0940 0.613 0.938 0643 0914 0659 0918 0.699 0.927 0.722
ltem 4 0910 0.754 0903 0773 0915 0816 0926 0819 0916 0858 0920 0.898 0.927 0915
ltem 6 0.962 0.848 0956 0.857 0952 0.865 0.951 0.889 0.947 0922 0965 0916 0968 0.938
ltem 7 0966 0.865 0975 0878 0975 0.880 0.957 0885 0973 0930 0.961 0.928 0.982 0.940
Correlation between the factors  0.962  0.744  0.968 0.771 0.961 0.789 0.963 0.817 0.961 0.864 0.953 0.863 0.942 0.869

PR, Proportion of replication.

Although we tested a model that assumes that the QUADAS-
2 items inform an underlying construct of study quality, the
QUADAS-2 might also be considered “critical reading grid” to
which construct validity might not apply. We argue against
this notion for two reasons. First, here we provide empirical
support that the items do inform such an underlying construct.
Second, it is clear that throughout the development of the
QUADAS-2, a theory about what items would be used to evaluate
bias/applicability, and how those items would be grouped
indicated the structure of the model a priori. Although a negative
result would not necessarily bring into question the practical
utility of the tool, or the validity of its content, as a model, the
QUADAS-2 is liable to be tested.

Despite the reduction of QUADAS items from 28 to 7 since
its inception, the empirical evidence provided here, suggests that
two of the extant items remain redundant when assessing the
AD literature. This is particularly problematic because assessors
may be unduly biased if a single underlying quality feature is
represented by 2 out of 7 items. The reduction of QUADAS items
for the QUADAS-2 was performed using a Delphi procedure (51),
which is not based on CFA, or grounded in item response theory,
which are preferred methods to evaluate construct validity (52)
and items selection. A re-examination of the QUADAS-2 items
based on modern item response theory might allow for an
improved measurement model.

The items were poorly correlated and possibly unreliable
(Tables 2A,B) because residual variances were high (Table 3).
Residual variance is the variance unexplained by the factor
that the indicator is intended to measure. A small N and a
small number of items per factor likely contributed to the high
relative percentage bias estimated under WLSMYV. Due to these
considerations, some susceptibility to random measurement
error might have been expected; however, if the QUADAS-2 items
had been more closely related to their underlying factors, more
precise estimates would have been possible [(50), p. 9-10].

The poor factor loadings observed have important
implications for bias assessment in systematic reviews. Here
we were unable to provide evidence that the indicators have
convergent validity of the intended domains. In part, this is
because the sample size (i.e., the number of included primary
studies in most systematic reviews) was too low for the factor
loadings to be estimated properly [see (53)]. In practice, this

means that the generalizability of the clinical findings was not
explicitly evaluable. In our Monte Carlo simulation, the number
of primary studies that would be necessary to achieve a power
of 0.8 was at least 90, given the data in this systematic review.
Because large sample sizes are not often available, it might be
useful to redefine some QUADAS-2 indicators with the intention
that they should be more strongly related to the underlying
domains.

The structure of the QUADAS-2 hindered testing its
measurement model; the tool might be augmented with more
indicators per factor. Because the proposed structure of the
model, untestable in a multitrait-multimethod model with four
domains, necessitated transposition into a two-factor oblique
model which may have introduced a loss of information.
Nonetheless, these considerations do not affect the model fit
indices, which offer some evidence of construct validity.

In the case of the first three QUADAS-2 items (residual
variances 0.818, 0.822, and 0.863), nearly the entire factor was
explained by residual variance, which is usually due to random
measurement error and/or rater unreliability. The relevance
of these items as indicators of study quality in AD was not
empirically supported. Among the Applicability Concern items,
the best indicator explained 46% of the common variance,
still less than the residual variance (i.e., 54%). Given the
importance of the parameter estimates (Brown, p. 135-136) as
criteria for the utility of a scale, and the unacceptably high
proportion of variance due to random measurement error and/or
rater unreliability, this first attempt to evaluate empirically the
QUADAS-2 items to inform Risk of Bias and Applicability
Concerns in the AD literature does not support their reliability.

While this study focused on AD studies, the QUADAS-2 is
used to assess quality and internal validity of tests to diagnose
many neurological and other disorders including other forms of
dementia (54, 55), Parkinson’s disease (56) and Stroke (57, 58). It
is possible that some QUADAS-2 risk of bias items may be more
difficult to assess or less applicable in AD studies. For instance, in
the AD studies, some difficulties evaluating risk of bias related
to the index test arose from signaling questions related to the
use of a pre-specified cut-off. No consensus exists for 11C-PIB-
PET (37), 18FDG-PET (36), CSF, and serum biomarker (35) cut-
offs, partly because information has been lacking or inconsistent,
and measurements vary considerably between labs. When this
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criterion was applied to those biomarker studies, it may have
contributed to over-estimation of risk of bias. In contrast, pre-
specified cut-offs could have been justified in studies evaluating
the Mini Mental State Examination, and this signaling question
was appropriately applied to evaluate the index test in those
studies.

Throughout the meta-analyses, the majority of criteria
assessed as “high” risk of bias achieved this score based on a
lack of reporting, rather than a confirmed risk of bias due to
inadequate study design per se. Certain metanalyses employed
different thresholds to endorse high vs. unclear risk. For instance,
studies evaluating the Montreal Cognitive Assessment, were
judged to be of “unclear” risk of bias where reporting of pre-
specified cut-offs was absent or unclear (33); however the same
criteria were judged to endorse a high risk of bias among studies
evaluating the Mini Mental State Examination. This discrepancy
in implementation may have contributed to the compromised
reliability of these items in the AD studies.

Some important limitations might be considered. First, we
were only able to use meta-analyses where item-level QUADAS-2
data for each primary study was reported, resulting in some loss
of data (59). Second, the agreement between the judges in the
majority of the publications was not reported, limiting our ability
to comment on the contribution of disagreement or differential
interpretation of the seven items to lack of item reliability.
Third, the sample size was limited and, therefore, the magnitudes
of the factor loadings were not precisely estimated; however,
the sample size is consistent with that of other systematic
reviews, raising an issue about the content of the QUADAS-2
items, and its testability, in the general context of systematic
reviews. Regarding the generalizability of the present findings,
it should be considered that the measurement properties of the
QUADAS-2 might behave differently between different diseases,
or between different diagnostic procedures for the same disease
(59, 60).

In conclusion, although the findings do not necessarily
inform the practical utility of the scale in identifying areas of
weakness within a study, evidence to support the reliability

REFERENCES

1. Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo, MC,
et al. National institute on aging-Alzheimers Association guidelines for
the neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement.
(2012) 8:1-13. doi: 10.1016/j.jalz.2011.10.007

2. Lam B, Masellis M, Freedman M, Stuss DT, Black SE. Clinical, imaging, and
pathological heterogeneity of the Alzheimer’s disease syndrome. Alzheimer’s
Res Ther. (2013) 5:1. doi: 10.1186/alzrt155

3. Bature F, Guinn, BA, Pang D, Pappas Y. Signs and symptoms preceding the
diagnosis of Alzheimer’s disease: a systematic scoping review of literature
from 1937 to 2016. BMJ Open (2017) 7:1-9. doi: 10.1136/bmjopen-2016-
015746

4. Callen D, Black SE, Gao E Caldwell C, Szalai J. Beyond the hippocampus
MRI volumetry confirms widespread limbic atrophy in AD. Neurology (2001)
57:1669-74. doi: 10.1212/WNL.57.9.1669

5. Clerx L, van Rossum IA, Burns L, Knol DL, Scheltens P, Verhey E et al.
Measurements of medial temporal lobe atrophy for prediction of Alzheimer’s

of the QUADAS-2 items to inform study quality remains
lacking. Further research might evaluate whether the present
findings regarding the QUADAS-2 are specific to AD studies, or
generalizable to other fields of medicine. Additional empirical
evidence and additional analyses based on modern item response
theory would be needed in order to propose a reliable set of study
quality criteria for use in AD diagnostic accuracy studies.

AUTHOR CONTRIBUTIONS

AV, JdO, and HC-M designed and ran the analysis. WS, BL, and
NH gave an important contribution to the interpretation of the
results and their effect sizes applied to the clinical practice. All
authors revised the last version of the manuscript.

ACKNOWLEDGMENTS

Federal University of Sdo Paulo, Department of Psychiatry
and Medical Psychology for provided master scholarship (AV).

Department of Pharmacology & Toxicology, University of
Toronto and Hurvitz Brain Sciences Program, Sunnybrook
Research Institute (WS). L.C. Campbell Cognitive Neurology
Research Unit, Sunnybrook Health Sciences Centre, University
of Toronto and Brain Sciences Research Program, Sunnybrook
Research Institute, University of Toronto, and Department of
Medicine, Division of Neurology, University of Toronto (BL).
Institute of Psychology, Sdo Paulo University (JdO). Department
of Psychiatry, University of Toronto and Hurvitz Brain Sciences
Research Program Sunnybrook Health Sciences Centre, Division
of Geriatric Psychiatry at Sunnybrook Health Sciences (NH).
Federal University of Sdao Paulo, Department of Psychiatry and
Medical Psychology (HC-M).

All the authors contributed equally to the work. The first
author is thankful to Coordination for the Improvement of
Higher Education Personnel for Msc scholarship and the last
author for the Thesis Award (CAPES Auxilio n° 0374/2016,
process n. 23038.009191/2013-76).

disease in subjects with mild cognitive impairment. Neurobiol Aging, (2013)
34:2003-13. doi: 10.1016/j.neurobiolaging.2013.02.002

6. Scheltens P. Imaging in Alzheimer’s disease. Dialogues Clin Neurosci. (2009)
11:191-9.

7. Sepulcre ], Masdeu JC. Advanced neuroimaging methods towards
characterization of early stages of Alzheimer’s disease. Syst Biol Alzheimers
Dis. (2016) 509-519. doi: 10.1007/978-1-4939-2627-5_31

8. Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K, Minthon
L. Association between CSF biomarkers and incipient Alzheimer’s
disease in patients with mild cognitive impairment: a follow-up
study. Lancet Neurol. (2006) 5:228-34. doi: 10.1016/S1474-4422(06)
70355-6

9. Klunk WE, Engler H, Nordberg A, Wang Y, Blomgqvist G, Holt DP, et al.
Imaging brain amyloid in Alzheimer’s disease with Pittsburgh Compound-B.
Ann Neurol. (2004) 55:306-19. doi: 10.1002/ana.20009

10. Cho H, Choi JY, Hwang MS, Lee JH, Kim Y], Lee HM, et al. Tau PET in
Alzheimer disease and mild cognitive impairment. Neurology (2016) 87:375-
83. doi: 10.1212/WNL.0000000000002892

Frontiers in Psychiatry | www.frontiersin.org

May 2018 | Volume 9 | Article 221


https://doi.org/10.1016/j.jalz.2011.10.007
https://doi.org/10.1186/alzrt155
https://doi.org/10.1136/bmjopen-2016-015746
https://doi.org/10.1212/WNL.57.9.1669
https://doi.org/10.1016/j.neurobiolaging.2013.02.002
https://doi.org/10.1007/978-1-4939-2627-5_31
https://doi.org/10.1016/S1474-4422(06)70355-6
https://doi.org/10.1002/ana.20009
https://doi.org/10.1212/WNL.0000000000002892
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Venazzi et al.

Bias in Alzheimer’s Diagnostic Studies

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wang L, Benzinger TL, Su Y, Christensen J, Friedrichsen K, Aldea P,
et al. Evaluation of tau imaging in staging Alzheimer disease and revealing
interactions between B-amyloid and tauopathy. JAMA Neurol. (2016).
73:1070. doi: 10.1001/jamaneurol.2016.2078

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan
EM. Clinical diagnosis of Alzheimer’s disease report of the NINCDS-
ADRDA work group* under the auspices of department of health and
human services task force on Alzheimer’s disease. Neurology (1984) 34:939.
doi: 10.1212/WNL.34.7.939

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH,
et al. The diagnosis of dementia due to Alzheimer’s disease: recommendations
from the national institute on aging-Alzheimer’s association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. (2011)
7:263-9. doi: 10.1016/j.jalz.2011.03.005

American Psychiatric Association. Diagnostic and Statistical Manual-Text
Revision (DSM-IV-TRim, 2000) (2000). American Psychiatric Association.
American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders (DSM-5®) (2013). American Psychiatric Pub.

Dubois B, Feldman HH, Jacova C, Cummings JL, DeKosky ST, Barberger-
Gateau P, et al. Revising the definition of Alzheimer’s disease: a new lexicon.
Lancet Neurol. (2010) 9:1118-27. doi: 10.1016/S1474-4422(10)70223-4
Dubois B, Feldman HH, Jacova C, DeKosky ST, Barberger-Gateau P,
Cummings J, et al. Research criteria for the diagnosis of Alzheimer’s disease:
revising the NINCDS-ADRDA criteria. Lancet Neurol. (2007) 6:734-46.
doi: 10.1016/S1474-4422(07)70178-3

Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow
K, et al. Advancing research diagnostic criteria for Alzheimer’s disease:
the IWG-2 criteria. Lancet Neurol. (2014) 13:614-29. doi: 10.1016/S1474-
4422(14)70090-0

Arevalo-Rodriguez I, Segura O, Sola I, Bonfill X, Sanchez E, Alonso-Coello
P. Diagnostic tools for alzheimer’s disease dementia and other dementias: an
overview of diagnostic test accuracy (DTA) systematic reviews. BMC Neurol.
(2014) 14:183. doi: 10.1186/s12883-014-0183-2

Whiting PE Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma
JB, et al. QUADAS-2: a revised tool for the quality assessment
of diagnostic accuracy studies. Anna Int Med. (2011) 155:529-36.
doi: 10.7326/0003-4819-155-8-201110180-00009

Dalkey NC, Brown BB, Cochran S. (1969). The Delphi Method: An
Experimental Study of Group Opinion (Vol. 3). Santa Monica, CA: Rand
Corporation.

Whiting P, Rutjes AW, Reitsma JB, Bossuyt PM, Kleijnen J. The development
of QUADAS: a tool for the quality assessment of studies of diagnostic
accuracy included in systematic reviews. BMC Med Res Methodol. (2003) 3:25.
doi: 10.1186/1471-2288-3-25

Moher D, Schulz KE Simera I, Altman DG. Guidance for developers
of health research reporting guidelines. PLoS Med. (2010) 7:¢1000217.
doi: 10.1371/journal.pmed.1000217

Cook C, Cleland J, Hegedus E, Wright A, Hancock M. The creation of the
diagnostic accuracy quality scale (DAQS). ] Manual Manipulat Ther. (2014)
22:90-6. doi: 10.1179/2042618613Y.0000000032

Schueler S, Schuetz GM, Dewey M. The revised QUADAS-2 tool. Ann Intern
Med. (2012) 156:323-4. doi: 10.7326/0003-4819-156-4-201202210-00018
Bossuyt PM, Reitsma, J. Bruns BE, Gatsonis CA, Glasziou PP, Irwig LM,
et al. Towards complete and accurate reporting of studies of diagnostic
accuracy: the STARD initiative. Clin Chem Lab Med. (2003) 41:68-73.
doi: 10.1515/CCLM.2003.012

Ioannidis JP, Lau J. Can quality of clinical trials and meta-analyses
be quantified? Lancet (1998) 352:590. doi: 10.1016/S0140-6736(98)
22034-4

Verhagen AP, de Vet HC, de Bie RA, Boers M, van den Brandt PA. The art of
quality assessment of RCTs included in systematic reviews. J Clin Epidemiol.
(2001) 54:651-4. doi: 10.1016/50895-4356(00)00360-7

Bollen KA. Structural Equations With latent Variables. New York, NY: John
Wiley & Sons (1998).

Brown TA. Confirmatory Factor Analysis for Applied Research, 2nd Edn. New
York, NY: Guilford Publications (2015).

Markus KA, Borsboom D. (2013). Frontiers of test Validity Theory:
Measurement, Causation, and Meaning. New York, NY: Routledge.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Treiblmaier ~H, Bentler PM, Mair P. Formative constructs
implemented via common factors. Struct Equat Model. (2011) 18:1-17.
doi: 10.1080/10705511.2011.532693

Davis DH, Creavin ST, Noel-Storr A, Quinn TJ, Smailagic N, Hyde C,
et al. Neuropsychological tests for the diagnosis of Alzheimer’s disease
dementia and other dementias: a generic protocol for cross-sectional and
delayed-verification studies. Cochrane Database Syst Rev. (2013) 28:1-35.
doi: 10.1002/14651858.CD010460

Davis DH, Creavin ST, Yip JL, Noel-Storr AH, Brayne C, Cullum S.
Montreal cognitive assessment for the diagnosis of Alzheimer’s disease
and other dementias. Cochrane Database Syst Rev. (2015) 29:1-42.
doi: 10.1002/14651858.CD010775.pub2

Ritchie C, Smailagic N, Noel-Storr AH, Takwoingi Y, Flicker L, Mason
SE, et al. Plasma and cerebrospinal fluid amyloid beta for the diagnosis
of Alzheimer’s disease dementia and other dementias in people with
mild cognitive impairment (MCI). Cochrane Database Syst Rev. (2014)
6:CD008782. doi: 10.1002/14651858.CD008782.pub4

Smailagic N, Vacante M, Hyde C, Martin S, Ukoumunne O,
Sachpekidis C. 18F-FDG PET for the early diagnosis of Alzheimer’s
disease dementia and other dementias in people with mild cognitive
impairment (MCI). Cochrane Database Syst Rev. (2015) 1:CD010632.
doi: 10.1002/14651858.CD010632.pub2

Zhang S, Smailagic N, Hyde C, Noel-Storr AH, Takwoingi Y, McShane
R, et al. (11)C-PIB-PET for the early diagnosis
disease dementia and other dementias in people with mild cognitive
impairment (MCI). Cochrane Database Syst Rev. (2014) 7:CD010386.
doi: 10.1002/14651858.CD010386.pub2

Beauducel A, Herzberg PY. On the performance of maximum likelihood
versus means and variance adjusted weighted least squares estimation in CFA.
Struct Equat Model. (2006) 13:186-203. doi: 10.1207/s15328007sem1302_2
Muthén LK, Muthén BO. Mplus User’s Guide 8th Edn. Los Angeles, CA:
Muthén and Muthén (1998-2017).

Asparouhov T. Sampling weights in latent variable modeling. Struct Equat
Model. (2005) 12:411-34. doi: 10.1207/s15328007sem1203_4

Asparouhov T. General multi-level modeling with sampling weights.
Commun Stat Theor Methods (2006) 35:439-60. doi: 10.1080/03610920
500476598

Marsh HW, Hau, KT, Wen Z. In search of golden rules: Comment on
hypothesis-testing approaches to setting cutoff values for fit indexes and
dangers in overgeneralizing Hu and Bentler’s (1999) findings. Struct Equat
Model. (2004) 11:320-41. doi: 10.1207/s15328007sem1103_2

Raykov T. Scale reliability, Cronbach’s coefficient alpha, and violations of
essential tau-equivalence with fixed congeneric components. Multivar Behav
Res. (1997) 32:329-53. doi: 10.1207/s15327906mbr3204_2

Joreskog KG. Statistical analysis of sets of congeneric tests. Psychometrika
(1971) 36:109-33. doi: 10.1007/BF02291393

Muthén LK, Muthén BO. How to Use a Monte Carlo Study to Decide on
Sample Size and Determine Power. Struct Equat Model. (2002) 9:599-620.
doi: 10.1207/S15328007SEM0904_8

Cohen J. Statistical power analysis for the behavioral sciences. Hillsdale;
New Jersey, NJ: Lawrence Erlbaum Associates (1988).

Kenny D. Correlation and Causality. New York, NY: John Wiley & Sons

of Alzheimer’s

(1979).
Bollen KA, Davis WR. Causal indicator models: Identification,
estimation, and testing. Struct Equat Model. (2009) 16:498-522.

doi: 10.1080/10705510903008253

Hoyle RH, Isherwood JC. Reporting results from structural equation modeling
analyses in archives of scientific psychology. Arch Sci Psychol. (2013) 1:14-22.
doi: 10.1037/arc0000004

Kline RB. (2015). Principles and Practice of Structural Equation Modeling.
New York, NY: Guilford publications.

Fontela PS, Pai NP, Schiller I, Dendukuri N, Ramsay A, Pai M. Quality
and reporting of diagnostic accuracy studies in TB, HIV and malaria:
evaluation using QUADAS and STARD standards. PLoS ONE (2009) 4:e7753.
doi: 10.1371/journal.pone.0007753

O’Leary-Kelly SW, Vokurka RJ. The empirical assessment of construct
validity. J Operat Manage. (1998) 16:387-405. doi: 10.1016/S0272-
6963(98)00020-5

Frontiers in Psychiatry | www.frontiersin.org

May 2018 | Volume 9 | Article 221


https://doi.org/10.1001/jamaneurol.2016.2078
https://doi.org/10.1212/WNL.34.7.939
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/S1474-4422(10)70223-4
https://doi.org/10.1016/S1474-4422(07)70178-3
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1186/s12883-014-0183-2
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1186/1471-2288-3-25
https://doi.org/10.1371/journal.pmed.1000217
https://doi.org/10.1179/2042618613Y.0000000032
https://doi.org/10.7326/0003-4819-156-4-201202210-00018
https://doi.org/10.1515/CCLM.2003.012
https://doi.org/10.1016/S0140-6736(98)22034-4
https://doi.org/10.1016/S0895-4356(00)00360-7
https://doi.org/10.1080/10705511.2011.532693
https://doi.org/10.1002/14651858.CD010460
https://doi.org/10.1002/14651858.CD010775.pub2
https://doi.org/10.1002/14651858.CD008782.pub4
https://doi.org/10.1002/14651858.CD010632.pub2
https://doi.org/10.1002/14651858.CD010386.pub2
https://doi.org/10.1207/s15328007sem1302_2
https://doi.org/10.1207/s15328007sem1203_4
https://doi.org/10.1080/03610920500476598
https://doi.org/10.1207/s15328007sem1103_2
https://doi.org/10.1207/s15327906mbr3204_2
https://doi.org/10.1007/BF02291393
https://doi.org/10.1207/S15328007SEM0904_8
https://doi.org/10.1080/10705510903008253
https://doi.org/10.1037/arc0000004
https://doi.org/10.1371/journal.pone.0007753
https://doi.org/10.1016/S0272-6963(98)00020-5
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Venazzi et al.

Bias in Alzheimer’s Diagnostic Studies

53.

54.

55.

56.

57.

58.

Marsh HW, Hau, KT, Balla JR, Grayson D. Is more ever too much? The
number of indicators per factor in confirmatory factor analysis. Multivar
Behav Res. (1998) 33:181-220. doi: 10.1207/s15327906mbr3302_1

Beynon R, Sterne JA, Wilcock G, Likeman M, Harbord RM, Astin M,.,
et al. Is MRI better than CT for detecting a vascular component to
dementia? A systematic review and meta-analysis. BMC Neurol. (2012) 12:33.
doi: 10.1186/1471-2377-12-33

Brigo E, Turri G, Tinazzi M. 1231-FP-CIT SPECT in the differential diagnosis
between dementia with Lewy bodies and other dementias. ] Neurol Sci. (2015)
359:161-71. doi: 10.1016/j.jns.2015.11.004

Gao L, Tang H, Nie K, Wang L, Zhao J, Gan R, et al. Cerebrospinal
fluid alpha-synuclein as a biomarker for Parkinson’s disease diagnosis: a
systematic review and meta-analysis. Int | Neurosci. (2015) 125:645-54.
doi: 10.3109/00207454.2014.961454

Woodfield R, Grant I, UK Biobank Stroke Outcomes Group, UK Biobank
Follow-Up and Outcomes Working Group, Sudlow CL. Accuracy of
electronic health record data for identifying stroke cases in large-scale
epidemiological studies: a systematic review from the UK biobank stroke
outcomes group. PLoS ONE (2015a) 10:e0140533. doi: 10.1371/journal.pone.
0140533

Woodfield R, UK Biobank Stroke Outcomes Group, UK Biobank Follow-up
and Outcomes Working Group, Sudlow CL. Accuracy of patient self-report

59.

60.

of stroke: a systematic review from the UK biobank stroke outcomes group.
PLoS ONE (2015b) 10:e0137538. doi: 10.1371/journal.pone.0137538

Morris E, Chalkidou A, Hammers A, Peacock J, Summers J, Keevil S.
Diagnostic accuracy of (18)F amyloid PET tracers for the diagnosis of
Alzheimer’s disease: a systematic review and meta-analysis. Eur ] Nuclear Med
Mol Imaging (2016) 43:374-85. doi: 10.1007/s00259-015-3228-x

Olsson B, Lautner R, Andreasson U, Ohrfelt A, Portelius E, Bjerke M,
et al. CSF and blood biomarkers for the diagnosis of Alzheimer’s disease:
a systematic review and meta-analysis. Lancet Neurol. (2016) 15:673-84.
doi: 10.1016/S1474-4422(16)00070-3

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Venazzi, Swardfager, Lam, Siqueira, Herrmann and Cogo-
Moreira. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

May 2018 | Volume 9 | Article 221


https://doi.org/10.1207/s15327906mbr3302_1
https://doi.org/10.1186/1471-2377-12-33
https://doi.org/10.1016/j.jns.2015.11.004
https://doi.org/10.3109/00207454.2014.961454
https://doi.org/10.1371/journal.pone.0140533
https://doi.org/10.1371/journal.pone.0137538
https://doi.org/10.1007/s00259-015-3228-x
https://doi.org/10.1016/S1474-4422(16)00070-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Validity of the QUADAS-2 in Assessing Risk of Bias in Alzheimer's Disease Diagnostic Accuracy Studies
	Introduction
	Methods
	Sample Size and Heterogeneity
	Statistical Analysis

	Results
	Testing QUADAS-2 Models: Multitrait-Multimethod Model
	Two Correlated Factors Model

	Discussion
	Author Contributions
	Acknowledgments
	References


