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Abstract Differential diagnosis of Alzheimer’s disease (AD)
from normal aging and other dementia etiologies is imperative
for disease specific treatment options and long-term care plan-
ning. Neuropathological confirmation is the gold standard for
neurodegenerative disease diagnosis, yet most published stud-
ies examining the use of neuropsychological tests in the dif-
ferential diagnosis of dementia rely upon clinical diagnostic
outcomes. The present study undertook a meta-analytic re-
view of the literature to identify cognitive tests and domains
that allow for the differentiation of individuals with AD pa-
thology from individuals with dementia with Lewy Bodies
(DLB) pathology and pathology-free individuals. A compre-
hensive literature search yielded 14 studies that met the inclu-
sion criteria for the present meta-analysis. Six studies com-
prised 222 decedents with AD compared to 433 normal con-
trols, and eight studies comprised 431 cases of AD compared
to 155 decedents with DLB. Results revealed that the effect of
having neuropathologically confirmed AD versus DLB
lowered performance in the memory domain, and having
DLB decreased performance in the visuospatial domain. No
single test differed significantly across the AD and DLB
groups. For the AD and pathology free comparison, results
indicated that that AD was associated with poorer perfor-
mance on the memory and language domains. With respect
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to specific cognitive tests, AD produced lower scores on list
learning tests, category fluency, and the Digit Symbol substi-
tution test. The limited number of studies meeting inclusion
criteria warrants formulation of guidelines for reporting in
clinico-pathological studies; suggested guidelines are
provided.
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Due to considerable heterogeneity in the cognitive functioning
of older adults with and without dementia (Mungas et al.
2010), the boundaries between cognitive decline associated
with normal aging and different dementia etiologies can be
blurred (Galvin et al. 2005). Though neurodegenerative disor-
ders, including Alzheimer’s disease (AD), dementia with
Lewy Bodies (DLB), frontotemporal dementia (FTD), and
vascular dementia (VaD) have distinct pathologies, diagnosis
in a majority of cases is made on the basis of clinical symp-
tomatology alone (Johns et al. 2009). Unfortunately, clinical
diagnosis is sometimes inaccurate compared to neuropatho-
logical diagnosis (Dubois et al. 2007; Galasko et al. 1994;
Kazee et al. 1993; Varma et al. 1999). Because most research
investigating the utility of neuropsychological tests for differ-
ential diagnosis of dementia has relied on clinical diagnosis,
understanding of the association between neurodegenerative
disease and cognitive phenotype is often limited by the inac-
curacy of clinical diagnosis. The present study aims to exam-
ine differences in cognitive test results associated with differ-
ent autopsy verified neurodegenerative conditions. Initially,
we planned to examine the four most common causes of de-
mentia: AD, DLB, FTD, and VaD, in addition to pathology-
free individuals. However, because no studies examining VaD
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and only one study examining FTD (Elfgren et al. 1994) was
identified that met the inclusion criteria used for this study,
analysis of these etiologies was not pursued.

Alzheimer’s disease (AD) and dementia with Lewy Bodies
(DLB) may present with similar clinical manifestations in the
early stages of the disease, in which case, distinctions in their
neuropsychological profiles may not be apparent until further
along in the disease (Hamilton et al. 2008; McKeith et al.
2005; Yoshizawa et al. 2013). Additionally, the core clinical
features of DLB that do not typically overlap with AD - such
as cognitive fluctuations, visual hallucinations, and parkinson-
ism - are present at a low rate (McKeith et al. 2005). Thus,
with the exception of brain biopsy, there are no definitive
biological markers for the in vivo diagnosis of AD and
DLB, which can make differential diagnosis between neuro-
degenerative diseases and normal aging challenging (Kraybill
etal. 2005; Mollenhauer et al. 2010; Salmon and Bondi 2009;
Sloane et al. 2002). Autopsy studies suggest that misdiagnosis
occurs in 12-23% of individuals with a clinical diagnosis of
AD (Beach et al. 2012; Gaugler et al. 2013). In addition, a
recent retrospective analysis of clinical trials suggested that
more than half of individuals with a clinical diagnosis of AD
had a second form of neuropathology when examined at au-
topsy (Wang et al. 2012). Therefore, studies reporting on the
diagnostic accuracy of clinical tests, when judged against a
clinical — as opposed to pathological — criterion standard, are
necessarily limited by the accuracy of clinical diagnosis.

The importance of accurate in vivo differential diagnosis is
perhaps the most apparent in the context of clinical trials,
where results can be compromised if participants are
misdiagnosed at study entry. Errors in clinical diagnosis could
result in the enrollment of individuals with latent neurodegen-
erative pathology into a putatively healthy control group or
inclusion of participants with DLB in an AD trial, for example
(Hamilton et al. 2008; McKeith et al. 2005; Salmon and Bondi
2009). Differential diagnosis between DLB and AD is also
important for symptom management, since neuroleptics and
other pharmacotherapies may be contraindicated for patients
with DLB (Galvin et al. 2008; McKeith et al. 2002, 2005).

Some studies examining the use of neuropsychological
measures to differentiate between clinically diagnosed cases
of AD and DLB have revealed greater impairment on tasks of
attention, executive functioning, and visuospatial deficits in
DLB compared to AD (Tiraboschi and Guerra 2010).
Consistent with these findings, studies have reported that
worse performance on the Trail Making Test (TMT) — part
A, Rey Auditory Verbal Learning Test (AVLT) word recall,
and Benton Visual Form Discrimination is indicative of DLB
versus AD (Ferman et al. 2006). Our group has recently iden-
tified lower Mini Mental State Examination (MMSE), Logical
Memory Immediate, and Logical Memory Delayed scores as
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indicative of clinical AD compared to DLB and lower Digit
Span Backwards, TMT A and B, and Functional Activities
Questionnaire scores as indicative of clinical DLB compared
to AD (John et al. in press).

Studies comparing neuropathologically confirmed AD and
DLB groups have shown relative preservation of verbal mem-
ory and worse visuospatial skills in individuals with DLB com-
pared to AD, with tests such as the Rey-Osterrieth Complex
Figure Copy, Block Design, and Clock Drawing having value
as predictors of DLB (Ferman et al. 2006; Hamilton et al. 2008;
Johnson et al. 2005; Yoshizawa et al. 2013). Other studies have
found patients with pathologically confirmed AD and DLB to
perform similarly on tests of visuospatial ability overall, with
impairment in TMT-B and the Wechsler Adult Intelligence
Scales — Revised (WAIS-R) Digit Span subtest indicative of
DLB and lower scores on confrontation naming indicative of
AD (Ferman et al. 2006; Johnson et al. 2005; Kraybill et al.
2005). Overall, findings have been inconsistent when clinically
and pathologically diagnosed AD and DLB groups have been
compared on neuropsychological outcome measures.

A similar trend of inconsistent findings has been revealed
when comparisons are made between clinical AD and normal
controls. Tests of verbal memory, naming, and executive func-
tioning have all been described as being the most sensitive for
differentiating clinical AD from normal aging (Chen et al.
2001; Elias et al. 2000; Palmer et al. 2003; Salmon 2000;
Tierney et al. 1996).

Studies vary in their findings when comparing neuropsy-
chological test performance in pathologically confirmed AD
and normal aging, with some studies indicating TMT-A to be
a significant predictor of AD (Galvin et al. 2005) and other
studies revealing immediate paragraph recall and delayed
word list recall as tests that can differentiate definite AD from
normal aging (Schmitt et al. 2000). In an example of starkly
contrasting findings, Bennett et al. (2006) found no significant
differences (correcting for age, sex, and education) between
definite AD and controls on a variety of neuropsychological
domains other than episodic memory, whereas Johnson and
Galvin (2011) found that the definite AD group showed sig-
nificantly poorer performance on all cognitive tests in com-
parison to pathology-free controls.

A qualitative review of this literature cannot adequately
summarize the data or reconcile methodological differences
between studies. Thus, composite effect size measures pro-
duced in a meta-analysis can help with reconciling contradic-
tory results by summarizing the effects of AD and DLB pa-
thology on cognitive performance.

Several meta-analytic studies focusing on the differential
diagnosis of AD have been reported. Henry et al. (2004) found
that clinical AD patients were relatively more impaired on
semantic fluency versus phonemic fluency tasks, while
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Christensen et al. (1991) reported that both verbal and non-
verbal measures were better at discriminating clinical AD
from controls. The only meta-analysis that has compared cog-
nitive performance in clinically diagnosed AD and DLB indi-
cated that DLB cases have more difficulties with attention/
executive and visuo-perceptual abilities than AD cases
(Collerton et al. 2003). It should be noted that these meta-
analytic studies relied upon clinical, not pathological, diagnosis,
which limits the validity of the conclusions drawn.

The Present Study

The present study uses meta-analysis to estimate the degree to
which AD pathology affects neuropsychological test scores
compared to decedents with autopsy confirmed DLB and those
with autopsy confirmed healthy brains. Although previous evi-
dence is inconsistent regarding the specific cognitive tests that
are most affected by AD in comparison to normal aging and
DLB, there appears to be some consistency with respect to
differential effects of pathology on performance within broader
cognitive domains. Thus, for the AD vs. pathology free com-
parison, it is hypothesized that having definite AD will nega-
tively affect performance in the memory, language, and execu-
tive functioning/attention domains. For the AD vs. DLB com-
parison, it is hypothesized that having definite AD will nega-
tively affect performance in the memory domain whereas hav-
ing pathologically-confirmed DLB will negatively impact per-
formance in the visuospatial domain. Because pathological out-
comes will serve as the criterion standard, the results of this
study will avoid the inaccuracies and potential for criterion con-
tamination inherent to clinical diagnosis (Albert et al. 2005;
Salmon and Bondi 2009; Walker et al. 2012).

Method and Statistical Analysis

This study was conducted in accordance with the Preferred
Reporting Items for Systematic Review and Meta-Analysis
(PRISMA; Moher et al. 2009) guidelines.

Literature Search

A comprehensive search of various electronic databases (e.g.,
PubMed, Scopus, PsycInfo, SUMsearch-2) from January
1990 to May 2013 was conducted to identify all published
studies that examined neuropsychological functioning in
autopsy-verified cases of AD. The key search terms
Alzheimer'’s disease, Lewy body, AD, and DLB were used in
combination with autopsy, neuropathology, neuropsychology,
and clinicopathological to identify relevant articles.

Assessed for eligibility
(n =78)

¥

1. Autopsy-verified
diagnosis of AD (k = 33)

¥

2. Autopsy-verified as
DLB or CN (k =29)

¥

3. Classification into
groups is based on
pathology alone (k = 28)
|

b

4.90 % of each group is
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confirmation (k = 26)

¥

5. Baseline or last
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(k=16)

¥
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Fig. 1 Flow of article selection through all inclusion criteria in the
present meta-analysis. AD = Alzheimer’s disease, DLB = dementia
with Lewy bodies, CN = Cognitively normal, £ = number of studies
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Additional references were obtained by examining the bibli-
ographies of relevant papers. Study eligibility was determined
by examining the abstract or full text of articles. The search
was completed in August 2013 and revealed 78 relevant jour-
nal articles (see Fig. 1).

Inclusion Criteria

In order to be selected for the current meta-analysis, a study
had to meet the following inclusion criteria. First, the study
had to include a participant group that consisted of individuals
with an autopsy-verified diagnosis of AD. Out of 78 relevant
articles, 33 studies contained participants with autopsy verifi-
cation of AD. The different neuropathological consensus
criteria, including National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-
ADRDA; McKhann et al. 2011) and Khachaturian
(Khachaturian 1985) criteria are relatively consistent in their
diagnosis of AD (Newell et al. 1999). Thus, studies were
included in the meta-analysis irrespective of the criteria used
for neuropathological confirmation.

Second, the study had to include a comparison group of
individuals that were neuropathologically diagnosed as nor-
mal (pathology-free) or with DLB. All studies involving a
DLB participant group used the consensus criteria established
by McKeith et al. (2005) for neuropathological confirmation.
Three out of the 33 studies (Caramelli et al. 1998; Davis et al.
1999; Johnson et al. 2009) did not include a pathologically
normal or DLB comparison group and were excluded from
the meta-analysis. Although the study conducted by Kanne
et al. (1998) included a cognitively normal group, it did not
confirm their diagnosis via autopsy, thus, this study was ex-
cluded from the present meta-analysis.

Third, participants in each study had to be classified into
groups based on pathological confirmation alone irrespective
of whether or not they were given a clinical diagnosis in the
study. Thus, clinical diagnosis did not inform the classification
of participants into AD, DLB or pathology-free groups.
Though Galvin et al. (2005) classified their groups based on
autopsy confirmation, they presented neuropsychological data
on the basis of clinical diagnosis. Additionally, they reported
data on some individuals who were included in the study by
Johnson et al. (2008). Thus, the Galvin et al. (2005) study was
excluded from the meta-analysis.

The remaining 28 studies consisted of participant groups
formed on the basis of autopsy verification. The fourth inclu-
sion criterion required at least 90% of all individuals in a
group be confirmed as having AD, DLB, or to be free from
pathology by autopsy verification. Two out of the remaining
28 studies (Ferman et al. 2006; Johnson et al. 2008) were
excluded because they contained participant groups in which
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approximately 80% or less of individuals received neuropath-
ological confirmation.

A review of the studies for each comparison group (AD vs.
pathologically normal and AD vs. DLB) indicated that most
studies in the AD vs. pathologically normal comparison pro-
vided data from the last assessment before death, whereas
studies comparing AD and DLB provided data taken from a
baseline study visit. In an effort to maximize the number of
studies within each comparison group, the fifth inclusion cri-
terion required studies comparing AD and pathologically nor-
mal groups to provide raw test score data from the last assess-
ment before autopsy whereas studies comparing AD and DLB
groups had to provide raw test score data from a baseline visit.
Five studies examining AD and pathologically normal groups
did not provide last assessment data. Two others (Chui et al.
2006; Reed et al. 2007) provided data for cognitive domains
and not for the individual neuropsychological tests. Another
study (Price et al. 1998) only provided the level or severity of
impairment on each neuropsychological test and not any raw
data, and another (Ahmed et al. 2013) provided data for the
study visit at which diagnosis of individuals changed from
mild cognitive impairment (MCI) to AD. Driscoll et al.
(2006) reported the number of individuals that were adminis-
tered each neuropsychological test but did not report any test
scores and did not respond to requests for data.

Sixth, the studies had to provide information regarding at
least two of the following moderator variables: mean age at
assessment, education, and time interval from assessment to
autopsy. Two studies (Hulette et al. 1998; Lopez et al. 1999)
did not provide any of this information and did not respond to
any requests for data, thus, these studies were excluded from
the meta-analysis.

The seventh inclusion criterion required that each partici-
pant group in an individual study be given the same battery of
neuropsychological tests. Eighth, studies had to provide
enough information about cognitive tests such that it would
enable the calculation of Cohen’s d effect sizes. Thus, the
included studies provided sample sizes, means, and standard
deviations or standard errors for each participant group on
each neuropsychological test included in the study. Ninth,
studies included for each comparison group (AD vs. control
and AD vs. DLB) had to provide information from indepen-
dent data sets. Thus, there were a total of 14 studies remaining
that met all the inclusion criteria. Six studies were included in
the AD versus pathologically normal comparison (Table 2)
and eight studies were included in the AD versus DLB com-
parison (Table 3).

Statistical Analyses
Effect Sizes In a meta-analysis, effect sizes from relevant

articles are combined to give a weighted mean estimate of
the population effect size (Field and Gillett 2010). Though it
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would be ideal to use sensitivity and specificity as effect size
estimates, only one study provided diagnostic accuracy
statistics, Ballard et al. (1999) reported the positive predictive
values (PPV) of 0.92 and 0.80 for DLB and AD respectively
against their pathological diagnosis. As a result, Cohen’s d
(Cohen 1988) was chosen as the effect size measure for the
present meta-analysis since it could be easily calculated from
information provided in all the studies while providing an un-
biased effect size estimate across studies of discrepant sample
sizes (Field and Gillett 2010). Cohen’s d was calculated to
measure the extent to which the mean neuropsychological test
scores of decedents with AD differed from pathologically con-
firmed DLB and pathology-free individuals. Each study report-
ed neuropsychological test scores in the form of means and
either standard errors or standard deviations. These data were
used to calculate effect sizes for each cognitive test used in each
individual study. In addition to examining each test separately,
we also grouped the tests into cognitive domains based on the
primary ability measured. Though tests measure multiple abil-
ities, a determination about primary ability was based on pre-
vious literature (Lezak et al. 2012; Strauss et al. 2006).

For the purpose of consistency, effect sizes were calculated
by subtracting scores of the pathologically normal or DLB
group from the AD group. On most tests, a higher score is
indicative of better performance. Thus, a positive effect size
indicates that the AD group performed better on a test while a
negative effect size indicates that the AD group performed
worse on a test. However, on some timed tests, higher scores
reflect worse performance. For these tests (e.g. TMT), effect
sizes were calculated by subtracting the scores in the AD
group from the scores produced by the two comparison
groups to facilitate consistent analysis and interpretation of
score differences.

R statistical software (version 3.0.0; Development Core
Team 2015) package metafor (Viechtbauer 2010) was used
to calculate pooled effect sizes, standard errors, and 95% con-
fidence intervals for each neuropsychological test and domain.
The mean effect size measures the extent to which the two
groups differ on a test, while the standard error measures the
variability in the effect sizes across different studies
(Hutchinson and Mathais 2007). The width of the confidence
interval is indicative of the precision of the effect size estimate.
When organized by domain, the hierarchical organization of
the data (i.e., most studies reported more than one test
result) would have violated the assumption of indepen-
dence if uncorrected. To address this concern, we esti-
mated random effects at the level of the source study in
a mixed effects framework, similar to the structure often
applied to hierarchical data in mixed effects models
(Konstantopoulos 2011; Pinhiero and Bates 2000).

Cohen (1988) suggested small, medium, and large values
for the d effect size 0£ 0.2, 0.5, and 0.8 respectively. This effect
size is scaled like a z-score; as such, an effect size of 0.5

indicates that the mean scores for the two comparison groups
differ by half of a pooled standard deviation (Zakzanis 2001).
Various effect size magnitudes have been discussed in the
context of group differentiation in psychology. Zakzanis
(2001) suggested the use of Cohen’s d of 3 as a clinical marker
to discriminate almost all individuals across comparison
groups. Based on taxometric research in psychopathology,
Meehl (1995) suggested the use of Cohen’s d of 1.25 and
above as a valid marker for diagnostic classification.
Hutchinson and Mathais (2007) as well as Mathais and
Burke (2009) conducted meta-analyses examining cognitive
functioning in clinically diagnosed AD using d > 0.8 as a
marker for deciding whether a cognitive test was useful in
differentiating AD from the comparison group.

When it can be assumed that data from the samples being
compared have equal variances, equal frequencies, and are
normally distributed, Cohen’s d can be converted to other
statistics, such as area under the receiver operating character-
istic curve (AUC; Ruscio 2008). However, both d and AUC
simply reflect a test’s overall correct classification ability with-
out providing information about rates of false positive and
false negative errors. This more detailed information is pro-
vided by sensitivity and specificity statistics. Using the same
assumptions described above, Cohen’s d can be used to ap-
proximate a test’s optimal sensitivity and specificity when
converted to Cohen’s U, statistic (Cohen 1988). Table 1 can
be used to derive Cohen’s U, and AUC values for a given test
based on the Cohen’s d statistics derived from this meta-anal-
ysis. This table should be used with caution, however, due to
the fact that the data used in this meta-analysis are not likely to
meet the assumptions discussed above.

Dependent Measures and Model The predictor variable was
the diagnostic group (AD, DLB, or pathologically normal),
whereas the dependent variable was the effect size estimate
derived from the source studies. A random-effects meta-ana-
lytic model was used since it was believed that the average
effect size of the population varies by study. This model ac-
counts for two error estimates: error created due to sampling
of studies from a population of studies and error associated
with sampling studies from several populations with different
effect sizes (Field and Gillett 2010).

Moderator Analyses The potential influences of age at time
of assessment, education, and time interval from assessment to
autopsy on cognitive test scores were also examined. The
means of the above mentioned moderator variables were cal-
culated for each study by combining data from the AD group
and pathologically normal or DLB group, weighted by
sample size (Hutchinson and Mathais 2007). In order to
examine the relationship between the moderator vari-
ables and effect sizes, mixed effects linear modeling
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Table 1 Relationship Table 2 Demographic characteristics for AD and pathologically
between Cohen’s d, d U> AUC normal groups
Cohen’s U,, and Area
under the curve (AUC) 0.0 0.5 0.5 Study ADW) PN(N) Age  Education Interval
0.1 0.52 0.53 .
02 054 056 Schmitt et al. (2000) 7 52 83.90 16.30 8.02
03 056 058 Goldman et al. (2001) 10 9 8225 15.05 9.00
0.4 0.58 0.61 Bennett et al. (2006) 50 84 83.30 17.25 7.08
05 0.6 0.64 Johnson et al. (2008) 115 191 76.73 14.40 18.00
06 0.62 066 S(.:heffet al. (2011) 8 9 84.80 16.40 7.00
0.7 0.64 0.69 Riley et al. (2011) 32 88 83.40 16.02 8.50
0.8 0.66 071 Age and education are presented in number of years. Interval refers to time
0.9 0.67 0.74 interval from assessment to autopsy and is presented in number of months.
1.0 0.69 0.76 AD, Alzheimer’s disease, PN, pathologically normal, N, sample size
1.1 0.71 0.78
1.2 0.73 0.8
1.3 0.74 0.82 T . .
4 076 0.84 individuals with pathologically confirmed AD and 155
’ ’ ’ individuals with pathologically confirmed DLB.
1.5 0.77 0.86
1.6 0.79 0.87 .
17 08 0.89 AD versus Pathologically Normal: Last Assessment
18 0.8 0.9 before Autopsy
19 083 091 Individual Tests Effect si timat Iculated f
n a
20 0.84 0.92 1vidau ests €Ctl S1z€ cestimates were calculate or

AUC = Area under the curve. Cohen’s U,
represents the optimal values for a test’s
sensitivity and specificity. Deriving AUC
and U, from Cohen’s d require the assump-
tions of equal variances, equal frequencies,
and Gaussian distributions to be met

with random effects was used to account for non-
independence of studies within a given domain.

Publication Bias Analyses A fail safe N (Nfs) estimates the
number of unpublished studies with null effects that could call
into question the findings of the present study. When signifi-
cant effect size estimates were found, Nfs was calculated in
order to identify any bias in the effect size estimates caused by
the “file drawer problem” (Hutchinson and Mathais 2007,
Rosenthal 1979; Rosenthal and DiMatteo 2001).

Results

The demographic characteristics for participants in both
comparisons, AD vs. pathologically normal and AD vs.
DLB, are shown in Tables 2 and 3, respectively.
Overall, 222 individuals with pathologically confirmed
AD and 433 pathologically confirmed normal individ-
uals across six studies were included in the AD versus
pathologically normal comparison. Across eight studies,
the AD versus DLB comparison included 431
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15 neuropsychological tests that were included in more
than one study. Cohen’s d estimates, 95% confidence
intervals, and Nfs for each of the 15 tests are provided
in Table 4. As expected, all effect sizes were negative,
which indicates that AD pathology serves to decrease
cognitive test performance relative to controls. Results
revealed that the effect of having neuropathologically
confirmed AD versus no pathology caused significantly
lower scores on the following ten cognitive tests:
Benton Visual Form Recognition Copy, WAIS Block
Design, Boston Naming Test, Consortium to Establish
a Registry for Alzheimer’s Disease (CERAD)
Immediate Recall, CERAD Delay Recall, Category

Table 3 Demographic characteristics for AD and DLB groups

Study AD(N) DLB(N) Age Education Interval
Galasko et al. (1996) 38 6 69.61 1394 10032
Ballard et al. (1999) 40 40 79.85 - 59.40
Minoshima et al. (2001) 10 4 69.60 - 38.28
Hamilton et al. (2004) 44 22 7430 1470 57.60
Kraybill et al. (2005) 48 22 77.15  11.60 70.92
Tiraboschi et al. (2006) 94 23 74.60 1450  129.60
Beach et al. (2009) 68 26 82.22 - 86.28
Yoshizawa et al. (2013) 89 12 71.60  15.02  124.80

Age and education are presented in number of years; time interval from
assessment to autopsy is presented in number of months. AD,
Alzheimer’s disease; DLB, dementia with Lewy bodies; N = sample size
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Table 4 Weighted effect size

estimates for cognitive tests Test k d Lower 95% CI Upper 95% CI Nfs p

comparing AD to pathologically

normal groups CERAD Immediate Recall 3 -1.95 -3.01 -0.90 11 <.01
Digit Symbol Substitution Test 2 -1.76 -2.27 -1.24 93 <.01
WMS Associate Learning 2 -1.22 -2.51 0.08 - .07
WALIS Block Design 2 -1.17 -1.64 -0.70 47 <.01
Boston Naming Test 3 -1.04 -1.96 -0.13 99 .03
WALIS Information Subtest 2 -1.03 -2.02 -0.04 51 .04
WMS Mental Control 2 -0.99 -1.23 -0.76 34 <.01
Trail Making - Part A 3 -0.91 -2.06 0.24 - 12
Benton VFR Copy 2 -0.72 -1.31 -0.13 21 .02
Category Fluency 4 -0.64 -1.07 -0.21 69 <.01
Logical Memory 5 -0.63 -1.57 0.30 - 18
MMSE 4 -0.62 -1.30 0.05 - .07
CERAD Delayed Recall 3 -0.61 -0.87 -0.35 20 <.01
Digit Span Backward 3 -0.58 -0.94 -0.22 30 <.01
Digit Span Forward 3 -0.31 -0.63 0.00 - .05

Data obtained at the last assessment before autopsy. & = number of included studies; d = Cohen’s d; CI, confidence
interval; Nfs = fail safe N; CERAD, consortium to establish a registry for Alzheimer’s Disease; WMS, Wechsler Memory
Scale; WAIS, wechsler Adult intelligence scale; VFR, visual form recognition; MMSE, mini-mental state examination

Fluency, Digit Span Backward, Digit Symbol substitu-
tion test (DSST), WMS Mental Control, and WAIS
Information subtest.

Cognitive Domains Effect size estimates were calculated for
the domains of attention, processing speed, and executive
functioning, language, mental status, memory, and visuospa-
tial ability. The cognitive tests used for each domain are avail-
able in Online Resource 1. Results revealed that having AD
versus no pathology decreased performance on the language
(d=-0.72,95% CI [-1.32, =0.12], p < .01, Nfs = 423) and
memory (d = —0.79, 95% CI [-1.37, —0.21], p = .01,
Nfs = 1114) domains. The mental status domain was associat-
ed with the largest effect size but the most imprecise confi-
dence intervals (d = —1.01, 95% CI [-2.53, 0.51], p = .20),
while the attention, processing speed, and executive function-
ing domain had the smallest effect size, but the most precise
confidence intervals (d = —0.48, 95% CI [—0.99, 0.03],
p = .00). The visuospatial domain was comparable to the at-
tention, processing speed, and executive functioning domain,
both in terms of effect size and confidence intervals
(d=-0.51,95% CI [-1.04, 0.01], p = .06). Forest plots show-
ing the AD versus pathologically normal comparisons across
each domain are presented in Fig. 2.

Moderator Analysis Tests from all cognitive domains were
combined for the moderator analysis. Results revealed that the
effect of AD pathology on cognitive test results, compared to
controls, was not significantly affected by age, b = —0.80,
95% CI1 [-1.64, 0.32], p = .36, education, b = 0.04, 95% CI

[-1.53, 1.62], p = .96, or time interval from assessment to
autopsy, b = —0.56, 95% CI [-1.79, 0.70], p = .37.

AD versus DLB: Baseline Assessment

Individual Tests Effect size estimates were calculated for the
following four neuropsychological tests that were included in
more than one study: WAIS Block Design, Clinical Dementia
Rating (CDR), Dementia Rating Scale (DRS), and MMSE.
Overall, the effect size estimates ranged from a minimum of
—0.15 (95% CI [-0.37, 0.07], p = .18) for the MMSE to a
maximum of 0.31(95% CI [-0.06, 0.67], p = .10) for the
WALIS Block Design test. The effect size estimates for the
DRS and CDR were 0.22 (95% CI [-0.07, 0.50], p = .14)
and 0.30 (95% CI [-0.23, 0.84], p = .27), respectively.
These results suggest that having DLB versus AD did not
significantly affect performance on any of the four neuropsy-
chological tests used in more than one study.

Cognitive Domains Effect size estimates were calculated for
the domains of attention, processing speed, and executive
functioning, language, mental status, memory, and visuospa-
tial ability. The cognitive tests used for each domain are avail-
able in Online Resource 1. Results revealed that having AD,
compared to DLB, was associated with better performance in
the visuospatial domain (d = 0.33, 95% CI [0.05, 0.60],
p = .02, Nfs = 5) and worse performance in the memory do-
main (d = —0.53, 95% CI [-0.74, —0.32], p < .01, Nfs = 209).
In comparison, effect size estimates for the language
(d = —0.24, 95% CI [-0.60, 0.12], p = .19), mental status
(d = —0.02, 95% CI [-0.20, 0.15], p = .82), and attention,
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AD vs. Control: Last Assessment
Attention, Processing Speed, & Executive Functioning
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Fig. 2 Forest plot showing the effect size estimates for pathologically
confirmed AD compared to pathology-free individuals across five cogni-
tive domains. Data were obtained from the last assessment prior to autop-
sy. Point size is used to denote relative weightings of each study in the
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models. The row labeled RE Model shows the pooled effect size and
associated 95% confidence intervals from the random effects meta-anal-
ysis, accounting for the hierarchical organization of the data (test nested
within study)
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Fig. 2 (continued)

processing speed, and executive function (d = 0.07, 95% CI
[-0.45, 0.60], p = .78), domains were smaller with confidence
intervals that spanned zero. Forest plots showing the AD ver-
sus DLB comparisons across each domain are presented in
Figure 3.

Moderator Analysis Tests from all cognitive domains were
combined for the moderator analysis. Results revealed that the
differential effects of AD and DLB pathologies on cognitive
test results were not significantly affected by age, b = 0.15,
95% CI1 [-0.03, 0.33], p = .12, education, b = 0.20, 95% CI
[-0.10, 0.49], p = .20, or time interval from assessment to
autopsy, b =—0.02, 95% CI [-0.14, 0.11], p = .79.

Discussion

This meta-analysis systematically reviewed and quantified the
effects of Alzheimer’s disease and Lewy body pathology on
cognitive performance. Results from the present study indi-
cate that in comparison to pathology free individuals, AD
pathology was associated with poorer performance on the
DSST, category fluency, and list learning tests at the last as-
sessment before autopsy. With respect to cognitive domains,
having AD lowered performance on the memory and

language domains. There was no significant difference in per-
formance on individual cognitive tests between the AD and
DLB groups. However, having neuropathologically-
confirmed DLB versus AD lowered performance in the visuo-
spatial domain, and having AD pathology decreased perfor-
mance in the memory domain at the baseline visit. Age, edu-
cation, and time interval from assessment to autopsy did not
moderate the effects of pathology on cognitive performance in
either of the comparisons.

AD versus Pathologically Normal: Last Assessment
before Autopsy

Individual Tests Cohen’s d estimates were obtained for 15
neuropsychological tests, of which 10 tests produced d values
with confidence intervals that did not span zero (Table 4).
Overall, the Nfs ranged from 11 to 99 for CERAD
Immediate Recall and the Boston Naming Test, respectively,
making it unlikely that failure to account for unpublished
studies could bias the current findings. The DSST
(d = —1.76) and CERAD Immediate Recall (d = —1.95) had
the largest effect sizes; these values of d are indicative of
optimal sensitivity (and specificity) values of .81 and .84,
respectively, given the assumptions discussed previously.
However, it is important to note that the confidence intervals
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AD vs. DLB: Baseline Assessment
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Fig. 3 Forest plot showing the effect size estimates for comparisons
between pathologically confirmed AD and DLB across five cognitive
domains. Data were obtained from the baseline assessment. Point size is
used to denote relative weightings of each study. The row labeled RE

for both tests were relatively imprecise due to the inclusion of
only a few studies. Poor performance on the DSST has been
found to be associated with greater burden of neurofibrillary
tangles in the limbic region of the brain, suggesting that per-
formance on this test is sensitive to AD pathology (Price et al.
2009; Salmon and Bondi 2009; Tabert et al. 2006). Overall,
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Model shows the pooled effect size and associated 95% confidence
intervals from the random effects meta-analysis, accounting for the
hierarchical organization of the data (test nested within study)

the DSST appears to have better diagnostic utility than other
tests of attention and psychomotor speed such as Digit Span
and Trail Making.

Studies using both CERAD Immediate and Delayed Recall
tests have shown that individuals with pathologically and
clinically-diagnosed AD obtain significantly lower scores on
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Fig. 3 (continued)

the delayed recall trial in comparison to healthy controls
(Schmitt et al. 2000; Welsh et al. 1991). Delayed recall on list
learning tests similar to the CERAD’s, such as the AVLT, has
been shown to predict the clinical diagnosis of AD with a high
degree of accuracy (Tierney et al. 1996). In the present study,
CERAD Immediate Recall has a wider confidence interval
[-3.01, —0.90] but a larger effect size estimate (d = —1.95),
whereas CERAD Delayed Recall has a narrower confidence
interval [—0.87, —0.35] but a smaller effect size estimate
(d = —0.61). However, because the two confidence intervals
do not overlap, these results suggest that CERAD Immediate
Recall was affected to a greater degree than Delayed Recall
when comparing definite AD to pathology free controls. The
results from CERAD Immediate and Delayed Recall together
confirm previous evidence that acquisition and recall of verbal
information learned over consecutive trials is possibly one of
the most valid predictors of AD (Albert et al. 2001; Jacobs
et al. 1995; Tabert et al. 2006).

WMS Mental Control had a large effect size estimate
(d =-0.99, 95% CI [-1.23, —0.76]), with the most precise
confidence intervals of the 15 cognitive tests. This finding
can be interpreted to suggest that, under certain assumptions
(discussed above), Mental Control may possess optimal sen-
sitivity and specificity values of 0.69 for differentiating be-
tween AD and controls. The confidence intervals obtained

were as narrow as those reported in other studies making sim-
ilar comparisons (Goldman et al. 2001; Johnson et al. 2008;
Tierney et al. 1987). The Mental Control test measures atten-
tion and working memory and has been found to be useful in
distinguishing healthy controls from those with clinically di-
agnosed AD (Storandt et al. 1984; Tierney et al. 1987, 1996).
Though deficits in attention abilities typically follow memory
decline in AD, performance on tasks such as Mental Control
that require sustained attention and working memory are also
impaired earlier on in the disease process (Lamar et al. 2002;
Salmon and Bondi 2009).

Cognitive Domains Results from cognitive domain analysis
supported the hypothesis that, in comparison to pathology-
free individuals, AD pathology lowered performance on
memory and language domains. The biggest effect size was
obtained for the mental status domain (d = —1.01, 95% CI
[-2.53, 0.51]), though the wide confidence intervals reveal
that the effect of AD pathology on this domain could not be
estimated precisely. This is roughly equivalent to optimal sen-
sitivity and/or specificity values of 0.69. The imprecision of
this estimate is likely because this effect size was only esti-
mated by three studies, one of which had a total sample size of
17 (Scheff et al. 2011). The only test included in the mental
status domain was the MMSE, which has consistently been
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shown to be useful in tracking cognitive impairment over
time, but not as a diagnostic tool for the detection of dementia
(Mitchell 2009; Tombaugh and Mclntyre 1992).

Consistent with the results based on individual cognitive
tests and in comparison with other domains evaluated, the do-
main of memory had a large effect size (d = —0.79, 95% CI
[-1.36, —0.21]) with the narrowest confidence intervals. This
effect size — roughly equivalent to optimal sensitivity and spec-
ificity values of 0.65 — was smaller than the one obtained in a
meta-analysis conducted by Biackman et al. (2005). One expla-
nation for this discrepancy could be that Backman et al. (2005)
divided their memory domain into primary and episodic mem-
ory, thereby increasing the specificity of the memory abilities
assessed. In addition, Béckman’s increased precision is likely
the result of a larger k, which is a consequence of using a
clinical - as opposed to pathological — criterion standard.

Similar to the memory domain, the language domain also
had a large effect size (d = —0.72, 95% CI [-1.32, —0.12]), but
with a wider confidence interval. As shown in Table 1, a
Cohen’s d value of .72 reflects optimal sensitivity/specificity
values of 0.64 when the assumptions discussed above are met.
The language domain included tests measuring confrontation
naming, semantic memory, fluency, comprehension, and read-
ing, as described above, individual tests of confrontation nam-
ing, semantic memory, and category fluency were differentially
affected by AD pathology. The results from the cognitive do-
main analyses are consistent with research indicating that tests
of episodic and semantic memory both tend to be affected — but
to different degrees — by AD pathology (e.g., Hirni et al. 2016).

Moderator analyses revealed that time interval from assess-
ment to autopsy, age, and education did not moderate the effect
of AD pathology on cognitive test performance. However,
these findings should not be considered conclusive at this point,
as only a small subset of ages, education levels, and intervals
were available for analysis in the current study (see Table 3).

AD versus DLB: Baseline Assessment

Individual Tests Cohen’s d estimates obtained for the four
individual neuropsychological tests, including Block Design,
CDR, DRS, and MMSE were small with wide confidence in-
tervals that spanned zero. The width of the confidence intervals
indicates that findings based on single cognitive tests are ex-
tremely imprecise and therefore of limited utility. Previous ev-
idence suggests that, in comparison to those with clinically-
diagnosed AD, individuals with clinically-diagnosed DLB per-
form better on a variety of cognitive measures including Trail
Making A, Boston Naming Test, and list learning tests, but
worse on tests examining visuospatial ability such as Block
Design (Ferman et al. 2006; Hamilton et al. 2008; Kraybill
et al. 2005). Studies have also shown that individuals with
clinically-diagnosed DLB exhibit deficits in attention and ex-
ecutive function as evidenced by lower scores on digit span and
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the attention domain of the DRS in comparison to those with
clinically-diagnosed AD (Salmon and Bondi 2009). These dis-
crepancies highlight the need for more studies examining cog-
nitive test performance in pathologically confirmed AD and
DLB, which can provide more information about the tests that
are most affected by AD or DLB pathology and can also help
improve the precision of the effect size estimates.

Cognitive Domains Of the five cognitive domains analyzed
in the present study, the domains of memory and visuospatial
ability were associated with significant differences. Though
moderate in size, the largest effect size was obtained for the
memory domain (d = —0.53, 95% CI [—0.74, —0.32]) with
relatively narrow confidence intervals, suggesting that in com-
parison to DLB, AD pathology negatively impacts perfor-
mance on tests assessing memory. This effects size reflects
optimal sensitivity/specificity values of 0.60 according to
Cohen’s U,. Studies have shown that in comparison to clini-
cally and pathologically diagnosed AD, verbal memory and
episodic memory are relatively preserved in clinically and
pathologically diagnosed DLB (Hamilton et al. 2004;
Johnson et al. 2005). The moderate effect size obtained in
the present study was based on tests examining different as-
pects of memory, including visual and verbal memory. For
example, the memory domain included tests of visual memory
such as Visual Reproduction, tests of verbal memory such as
Logical Memory and the Selective Reminding Test, and tests
requiring both verbal and visual memory skills, such as the
Fuld Object Memory Evaluation. The inclusion of visually
based tests in the memory domain may bias this effect size
estimate, given that DLB pathology is associated with lower
visuospatial abilities than AD pathology, as discussed next.
The hypothesis that DLB pathology would differentially
affect performance on the visuospatial domain in comparison
to AD pathology was supported. The effect size estimate for
the visuospatial domain (d = 0.33, 95% CI [0.05, 0.60]) was
small in size with relatively narrow confidence intervals.
Thus, DLB pathology appears to cause a moderate but detect-
able reduction in visuospatial skills relative to AD. This result
is consistent with previous research that has shown poor per-
formance on the visuospatial domain to be a distinguishing
factor between AD and DLB, with clinical and autopsy studies
indicating that individuals with DLB perform worse on tests
that involve visuoconstruction and visuoperceptual abilities
(Ferman et al. 2006; Hamilton et al. 2008; Johnson et al.
2005; Tiraboschi et al. 2006). However, the estimated effect
of DLB, compared to AD, on the visuospatial domain was
small, suggesting a good deal of overlap between the two
dementia etiologies on visuospatial test scores. This effect size
estimate is indicative of optimal sensitivity and specificity of
only 0.57 under the assumptions discussed earlier in the man-
uscript. Therefore, visuospatial tests may not differentiate be-
tween AD and DLB as accurately as clinical studies — or
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clinical lore — may suggest. In clinical settings, the expectation
that visuospatial skills accurately distinguish DLB from AD
may serve as a self-fulfilling prophecy, whereby AD patients
with visuospatial deficits are mistakenly diagnosed as having
DLB, and vice versa. Our reliance on pathological confirma-
tion as our criterion standard avoids the potential for such
criterion contamination, though it bears mention that the path-
ological overlap between AD and DLB is fairly common
(Josephs et al. 2004; Mrak and Griffin 2007).

Similarly, the attention and executive deficits previ-
ously reported as capable of differentiating DLB from
AD were not supported (d = 0.07, 95% CI [-0.45,
0.60]). The results of the present study revealed a small
effect size estimate with relatively wide confidence in-
tervals that spanned zero. This effect size estimate indi-
cates optimal sensitivity and specificity values of just
0.51. Thus, results from the present study differ from
previous findings in the literature that suggest attention
and executive dysfunction can help with the differential
diagnosis between AD and DLB. On one hand, past
research about the cognitive profiles of AD and DLB
are primarily based on clinical diagnosis, which intro-
duces potential criterion contamination and diagnostic
inaccuracies. On the other hand, the results from this
meta-analysis are imprecise due to the inclusion of a
small number of studies. The discrepancy between the
results from the present study and the literature can be
clarified by conducting additional clinicopathological
studies that examine specific cognitive abilities in AD
and DLB. Finally, moderator analyses revealed that time
interval from assessment to autopsy, age, and education
did not influence cognitive test performance.

Limitations and Future Directions

Although the present meta-analysis revealed some large and
medium effect sizes that were estimated with relatively precise
confidence intervals, many other estimates were imprecise. It is
likely that the small number of studies that met our inclusion
criteria limited the precision of the effect size estimates, thereby
decreasing the utility of the results. Many tests that are routinely
administered in clinical and research settings were not available
for inclusion in the present study. Since differential diagnosis
relies heavily on the assumption that disease pathology is af-
fecting task performance, there is a need for many more clini-
copathological studies examining cognitive performance across
various neurodegenerative conditions. Importantly, studies are
inconsistent in the data that they provide, which hinders the
process of meta-analysis and establishment of cumulative sci-
entific knowledge. Published clinicopathological studies differ
with respect to the cognitive tests used, evaluation time points,
reporting of adjusted versus unadjusted test scores, and infor-
mation reported about moderator variables, which limits their

potential for inclusion in meta-analyses. To facilitate the appli-
cation of meta-analysis across clinicopathological neurodegen-
erative disease research, we propose the following reporting
guidelines that are recommended for future studies in this area.

Clinicopathological Reporting Guidelines
in Neurodegenerative Disease Research

General Guidelines

1. All of the reporting guidelines below should be applied
separately to different pathologically verified groups (e.g.,
AD, DLB, pathologically normal).

2. Report whether the data are original or whether they have
been previously published in other studies.

3. Provide a detailed report of participant recruitment, as
well as inclusion and exclusion criteria; indicate whether
excluded participants differed from included participants
in relevant areas.

4. Studies of diagnostic accuracy should report information
in accordance with the guidelines proposed in the
Standards for Reporting of Diagnostic Accuracy
(STARD; Bossuyt et al. 2003), and should, when possi-
ble, report sensitivity and specificity data.

Reporting of Clinical Data

5. Collect and report clinical data (e.g., the same bat-
tery of neuropsychological tests) consistently across
clinical groups.

6. Report raw test scores for cognitive variables, not stan-
dardized or norm-referenced scores.

7. Report effect sizes for all cognitive tests, when possible.
For example, when comparing two groups, Cohen’s d
should be presented, along with its 95% confidence inter-
vals. At a minimum, researchers should always provide
sufficient data (i.e., means, standard deviations, and sam-
ple sizes) to allow other researchers to calculate effect
sizes, even if effect sizes are also presented.

8. Report all relevant demographic variables, including age
at assessment, age at death, years of education, sex, race,
ethnicity, handedness, language, and so forth.

9. Report the length of the time interval between clinical
assessment and death.

10. For longitudinal studies, report whether the clinical data
were obtained from the first (baseline) study visit, the
last study visit before death, or some other time point.

11. For longitudinal studies, report the number of previous
study visits the participants had completed prior to the
assessment from which data were derived.

12. Report the clinical diagnosis of participants that was
made during the reported study visit.
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13. Report demographic and genetic differences be-
tween decedents and living study participants, to
evaluate selection bias.

Reporting of Pathology Data

14. Report the number and percentage of decedents who
were studied at autopsy, as a portion of the entire sample
used to derive the data being reported.

15. Report the neuropathological criteria used to diagnose
decedents (e.g., NIA-Reagan).

16. Report the methods for sampling and quantifying brain
tissue pathology. When possible, follow the guidelines
put forth by Hyman et al. (2012).

17. Report appropriate genetic variables (e.g., APOE geno-
type) and the method used to analyze genetic data.

18. If a cognitively normal comparison group was used, re-
port whether this group was verified as being free from
pathology at autopsy.

Conclusions

The current study used meta-analysis to systematically review
and quantitatively aggregate cognitive test scores to determine
the individual tests and cognitive domains that are differen-
tially affected by AD compared to both healthy brains and
pathologically confirmed DLB. The individual tests that were
most affected by AD pathology relative to controls were
CERAD Immediate and Delayed Recall, DSST, WAIS
Block Design and Information subtests, Boston Naming
Test, WMS Mental Control, Benton Visual Form
Recognition Copy, Category Fluency, and the Backward
Digit Span subtest. The domains of memory and language
were most reliably affected by AD pathology relative to con-
trols. Although no individual tests were found to be differen-
tially affected by AD and DLB pathology, the broader do-
mains of memory and visuospatial functioning were differen-
tially affected by the two neuropathological entities. The effect
of having AD pathology relative to either DLB pathology or
no pathology was not significantly moderated by age, educa-
tion, or the time interval between assessment and autopsy. The
most obvious strength and unique feature of this study is its
use of pathological verification as the criterion standard for
defining AD, DLB, and control groups. By using pathologi-
cally verified samples, we avoided the confounds and inaccu-
racies inherent to clinical diagnosis and the possibility of cri-
terion contamination. However, pathological verification also
limited the number of studies eligible for inclusion, which in
turn limited the precision of our estimated effect sizes.
Pathological studies also suffer from a lack of consistency in

@ Springer

reporting, which we attempted to address by introducing
guidelines for reporting in clinicopathological studies of neu-
rodegenerative diseases. It is our hope that future research will
utilize these guidelines to facilitate a better appreciation of the
diagnostic validity of clinical assessment instruments.
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