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Abstract
Dysfunctional homeostasis of transition metals is believed to play a role in the pathogenesis of
Alzheimer’s disease (AD). Although questioned by some, brain copper, zinc, and particularly iron
overload are widely accepted features of AD which have led to the hypothesis that oxidative stress
generated from aberrant homeostasis of these transition metals might be a pathogenic mechanism
behind AD. This meta-analysis compiled and critically assessed available quantitative data on
brain iron, zinc and copper levels in AD patients compared to aged controls. The results were very
heterogeneous. A series of heavily cited articles from one laboratory reported a large increase in
iron in AD neocortex compared to age-matched controls (p<0.0001) while seven laboratories
failed to reproduce these findings reporting no significant difference between the groups (p=0.76).
A more than three-fold citation bias was found to favor outlier studies reporting increases in iron
and this bias was particularly prominent among narrative review articles. Additionally, while zinc
was not significantly changed in the neocortex (p=0.29), copper was significantly depleted in AD
(p=0.0003). In light of these findings, it will be important to re-evaluate the hypothesis that
transition metal overload accounts for oxidative injury noted in AD.
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1. INTRODUCTION
The distribution and homeostasis of transition metals in Alzheimer’s disease (AD) brain and
their potential role in the etiology of neurodegeneration has been debated for six decades or
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more. Goodman presented one of the earliest arguments for a role of iron in AD in 1953
with a detailed pathological/histological description of a series of post-mortem AD cases. He
reported increased Prussian/Turnbull’s blue reactivity indicating abnormally high levels of
tissue iron in a few of these patients. From these findings, he hypothesized that a defect in
iron management may underlie late-onset cognitive loss in these cases. Hallgren and
Sourander in 1958 and 1960 published the first quantitative analyses of brain iron in
Alzheimer’s disease patients using colorimetric techniques. This failed to demonstrate a
significant increase in tissue levels of non-heme iron in AD brain. However, like Goodman,
they noted that many of the specimens showed increased reactivity to histological iron
stains. In the intervening decades, brain iron overload gradually became widely accepted as
a feature of AD (Benzi and Morreti 1995, Cuajungco et al 2000, Gerlach et al 1994,
Schipper et al 1999, Smith et al 1997). Additionally, the observation that iron, zinc and
copper were concentrated in beta-amyloid plaques led to the hypothesis that oxidative stress
generated from aberrant homeostasis of these transition metals and pathologic metal-protein
interactions might be mechanisms behind the aggregation and toxicity of senile plaques,
ultimately leading to (or contributing to) the neurodegeneration associated with AD (Lovell
et al 1998, Smith et al 1997, Markesbery 1999). In vitro studies demonstrated that iron, zinc
and copper at near-physiologic conditions each bind beta-amyloid and are capable of
precipitating it into aggregates (Bush et al 1994). The discovery that chelating these metals
from plaques reduced plaque toxicity and increased amyloid solubility in vitro further
supported the metals hypothesis and became a basis for the therapeutic use of chelators in
neurodegenerative conditions (Cherny et al 1999, Rottkamp et al 2001, Schubert and
Chevion 1995). Interest in manipulating brain levels of transition metals has risen, resulting
in the development of many pharmacologic chelators and a number of clinical trials
(Crapper McLachlan et al 1994, Lannfeld et al 2008, Liu et al 2010, Squitti et al 2002).

In the year 2000, one of the most-cited review articles on the subject of metals in AD
declared that —a consensus has emerged in the literature that copper, zinc and iron are
elevated in the AD-affected neocortex (Bush 2000). The purpose of this study is to evaluate
if that consensus is accurate. The issue remains that most available data on brain transition
metal concentrations is qualitative, and quantitative studies have generally lacked adequate
power to determine whether changes are significant. Additionally, several of the most
prominently cited papers in the field have studied tissue that has been fixed, which has been
shown to compromise the integrity of data on transition metals (Jellinger et al 1990, Lovell
et al 1998, Schrag et al 2010a). This has made it increasingly important to compile and
critically assess available quantitative data on brain iron, zinc and copper levels in AD
patients compared to aged controls. Meta-analysis and systematic review are routine
components of clinical research, but are less often applied in the basic sciences. These tools,
when applied to a thorough bibliography, help to systematically compare and evaluate
literature, identify flawed studies and draw conclusions with maximal power.

2. METHODS
2.1 Literature search

Literature search was conducted by the first author. Appropriate articles were assembled by
systematic queries of NCBI (PubMed), ISI Web of Science, OVID and GoogleScholar
databases on the 8th of January 2010. Additionally, we reviewed the citation lists from each
article retrieved for the meta-analysis and from relevant review articles. The indexes of
certain journals were manually reviewed, including Journal of Radioanalytical and Nuclear
Chemistry, Trace Elements in Medicine, Trace Elements and Electrolytes, and
Microelement. Articles published in any year up to the date of search and in any language
were included, as long as they were indexed in the databases described. Quantitative
analytical techniques were included in the analysis; semi-quantitative approaches were
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excluded. Acceptable quantitative techniques included atomic absorption spectroscopy
(INAA), inductively coupled plasma mass spectrometry (ICP-MS) or atomic emission
spectroscopy (AA), particle-induced x-ray emission (PIXE), and neutron activation analysis
(INAA). These methods have been shown to consistently produce equivalent results (Jervis
et al 1985, Stedman and Spyrou 1997, Zhang et al 1997). Search terms therefore included a
technique keyword (such as —atomic absorption or —neutron activation analysis ) and —
Alzheimer’s disease. General search of high-yield keyword combinations, such as —iron, —
Alzheimer’s and —human brain were also conducted. Abstracts were reviewed to collect
only reports which compared human Alzheimer’s disease brain to aged control brain for
total iron, zinc and/or copper levels in any brain region. Finally, when possible we contacted
an author from each study to request access to any unpublished data and to clarify
methodological details. We were made aware of two unpublished datasets; these could not
be recovered for inclusion in this meta-analysis, but were described as finding no significant
differences between groups.

2.2 Exclusion criteria
Exclusion criteria were non-quantitative analysis (including normalizing element
concentration to protein concentration), tissue fixation (for any duration of time), the
absence of neuropathological diagnosis and inappropriate control tissue (all cases were
required to be over age 55). Iron has been shown to increase in the brain with age in
neurologically normal subjects; however, it reaches a relatively steady state by about age 55,
which is why this was chosen as a cut-off (Hallgren and Sourander 1958, Markesbery 1984).
Neuropathologic diagnosis was considered necessary because the clinical diagnosis of AD is
only about 61–84% specific for AD (Brunnstrom and Englund 2009, Gay et al 2008). Tissue
fixation has been shown to alter, sometimes dramatically, the concentrations of brain metals,
either through leaching (iron is reduced on average by 40% in formalin fixed brain, zinc by
as much as 75%), or by concentrating elements through tissue dehydration or by deposition
of metal contaminants which may be present in formalin (particularly for copper) (Schrag et
al 2010a). Finally, normalization of metal levels to protein concentration was considered
unreliable because one study found that much lower concentrations of protein were isolated
from AD tissue compared to normal brain (Loeffler et al 1995).

2.3 Publication and citation pattern analysis
Publication bias was assessed by funnel plot; a trim-and-fill analysis utilizing the Lo
estimator was applied (Taylor and Tweedie 2000). Additionally, to assess whether positive
studies were typically published in higher impact journal, the 5-year mean impact factor was
collected as recorded in Journal Citation Reports (ISI) for the journals publishing articles in
the meta-analysis. Citation bias was evaluated by determining the number of citations each
article had received according to ISI Web of Science. Data was evaluated both as total
number of citations and citations/year. Partial years were accounted in the annual citation
rate to the nearest month. Citation bias in narrative review articles describing iron levels in
Alzheimer’s disease was also evaluated; review articles were collected by broadly screening
PubMed with keywords —iron and —Alzheimer’s and manually filtering for articles which
specifically make a claim regarding the level of tissue iron in AD. This search yielded 115
review articles published since 1990. Finally, citation maps were created to visually analyze
the citation patterns of these narrative review articles. The specific objective of this analysis
was to determine how the primary literature was used to build the argument that tissue iron
is increased in Alzheimer’s disease. Therefore, the maps indicate not simply which articles
are cited, but rather which articles are cited in the context of a specific claim regarding the
concentration of iron in AD brain.
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2.4 Data analysis
The studies which were included reported metals concentrations as either micromolar
concentration or micrograms of metal per milligram of tissue. Tissue samples were either
dessicated or native (referred to as dry weight or wet weight) -- wet weight was chosen as
the standard measure for this study because it is the physiologically relevant mass. Because
dry weight to wet weight conversion ratios have been extensively published for essentially
all brain regions in both Alzheimer’s disease and control brain, all dry weight measures were
converted to wet weight measures. This conversion affected only two studies and the
conversion ratios are included in supp. Table 4 (Andrasi et al 2000, Deibel et al 1996). Data
from individual studies were collected as means, standard deviations, and numbers of brains
in each group. Effect size was calculated by Hedge’s g (with a small N bias correction) in a
random effects model. Results were presented by brain region as weighted mean
concentrations, and effect sizes. Studies were weighted in the analysis by inverse variance.
Heterogeneity was assessed by Q-test with alpha = 0.05. The metal levels reported for the
neocortex were nearly equivalent region-to-region, which enabled analysis of these regions
jointly as well as individually. The pooled neocortical dataset included frontal lobe,
temporal lobe, parietal lobe and hippocampal measurements. Normalcy of distribution was
assessed with Lilliefors test for the pooled neocortical data (Lilliefors 1967). Figures were
constructed using an Excel-based software add-on, MIX 1.7 (Bax et al 2007).

3. RESULTS
Thirty-two studies were identified in the primary screen; twenty studies remained after the
application of objective exclusion criteria. All studies evaluated for inclusion in the meta-
analysis were reported in the annotated references with explanations of the rationale for
inclusion or exclusion. In general, clinical data and demographic information were limited to
age, sex and neuropathological diagnosis at death; comorbid diseases were generally not
described. For this reason, evaluation of potential confounders was limited. Additionally,
only one of the studies reported the use of blinding in any part of the study (Ward and
Mason 1987). The neuropathologic diagnoses in all cases were limited to parenchymal
Alzheimer’s disease pathology -- vascular amyloid deposition and Lewy body pathologies
were not described.

The main statistical measure we chose to describe the effect of AD on brain iron was
Hedge’s G, hereafter called simply —effect size. This statistical tool describes the difference
between two groups (here the metal concentration in control brain vs. AD brain) as a
proportion of the pooled standard deviation of the two groups. An effect size of 1 indicates
the experimental group is one standard deviation higher than the control group. Because of
the methodological differences and heterogeneity between the studies, a random effects
model was chosen for the analysis. For datasets which were not significantly heterogenous,
the random effects model yielded comparable results to the fixed effects model and analysis
in a fixed effects model would not alter the conclusions of the study. Detailed region by
region data for each metal has been assembled and is present in supplementary tables 1,2
and 3.

3.1 Iron in Alzheimer’s disease neocortex
When neocortical brain regions were analyzed together, the effect of Alzheimer’s disease on
brain iron was small, and did not reach significance (Fig 1; effect size = 0.23, 95%CI
−0.07-0.53, p=0.13). However, this analysis was complicated by significant heterogeneity,
Q=26.0 (p=0.017). Heterogeneity in the iron dataset appeared to derive primarily from data
published by the University of Kentucky (U of K) (Fig 2). The results from studies
published from the U of K (4 studies) were strikingly different from all other studies (11
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studies from 7 independent laboratories) – the combined effect size reported by U of K
studies alone was 0.67 (95%CI 0.35–1.00, p<0.0001) while the combined effect size
reported by all other studies was −0.05 (95%CI −0.34-0.25, p=0.76) (Fig. 2). With the
exclusion of U of K studies, heterogeneity was reduced to non-significant levels as assessed
by the Q test. We found no obvious quality measures between the studies which would
account for this heterogeneity. While brain iron concentration increases with aging and
differences could therefore be attributed differences in age between control and AD groups,
this was well-controlled in study selection and control patients were over 55 years of age in
all the studies (Hallgren and Sourander 1958). The possibility that different analytical
techniques could contribute to heterogeneous findings was also considered; however, the
techniques employed in these studies have been shown to produce compatible results and
five additional studies which did not originate at U of K also utilized INAA-based
measurements (the technique employed in the U of K studies) without detecting significant
changes (Andrasi et al 2000, Panayi et al 2002, Plantin et al 1987, Squitti et al 2006, Ward
and Mason 1987). This suggests the artifact was not dependent on the analytical technique
employed (Fig 2). Moreover, no differences in the methodology of tissue preparation
between these studies would be expected to produce the discrepant results observed here.

Region by region analysis (after the exclusion of the outlier data source) revealed
significantly increased brain iron in Alzheimer’s disease only in the putamen (supp. Table
1). Putamen iron levels were increased by 21.4% (effect size 1.14, 95% CI 0.50–1.78).
While only one study apart from those from the U of K measured iron levels in the
amygdala (and it had a very small number of samples), the increase in iron concentration
reported by the U of K was higher than that reported by the independent study. The effect
size for each neocortical region individually was non-significant (effect size hippocampus
−0.32, 95%CI −0.76-0.11; frontal lobe −0.02, 95%CI −0.41 -0.37; temporal lobe 0.56,
95%CI −0.22-1.34; parietal lobe 0.35 95%CI −0.26-0.96).

3.2 Zinc and copper in Alzheimer’s disease neocortex
For neocortical regions analyzed in aggrefate, no significant change in zinc concentration
was found, although significant heterogeneity was found independent of the laboratory of
origin (Fig 1). There was a significant change in zinc concentration in the parietal lobe, but
the other lobes did not appear to be affected (effect size parietal lobe 0.50, 95%CI 0.06–
0.94; hippocampus −0.08, 95%CI −1.00-0.85; frontal lobe 0.35, 95%CI −0.24-0.94;
temporal lobe 0.47, 95%CI −0.13-1.07). Several individual studies indicated an increase in
zinc concentration in each neocortical lobe (supp Table 2), however, with significant
heterogeneity between studies. There was insufficient data to adequately analyze the effect
size of Alzheimer’s disease on zinc for deep grey matter regions, although results seemed to
parallel the changes in iron (strongest increases were reported for the putamen, globus
pallidus and caudate nucleus).

Copper levels were depleted in the AD group in most regions (supp. Table 3) and
cumulatively neocortical copper was significantly reduced in AD (Fig.1; effect size = −0.55,
95%CI −0.85- −0.25, p=0.0003). One study (conducted by the U of K) which was excluded
for tissue fixation, reported a dramatic increase in copper concentration (>400%) in AD
amygdala compared to controls (Lovell et al 1998). However, a second report from the same
laboratory reported copper was depleted in the amygdala with an effect size of −1.42,
95%CI −2.40- −0.44. The effect of Alzheimer’s disease on hippocampal copper was −0.54,
95%CI −0.91- −0.16 and reported effect sizes for other neocortical regions ranged from
−0.39 to −2.78.
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3.3 Assessment for publication and citation bias
A systematic evaluation for publication bias and citation bias was conducted and the effect
of observed biases was modeled. For these analyses the relevant studies previously excluded
for technical rationale were included as they certainly contributed to the evolution of
scientific opinions. To assess for publication bias, a funnel plot was constructed. Briefly, a
funnel plot depicts the inverse of the variance in each study compared to the reported effect
size. Theoretically, the studies with greatest power should have the lowest degree of
variance (lying high on the y-axis) and should lie closest to the true effect size; studies with
lower power should have greater variance (lying lower on the y-axis) and should distribute
symmetrically about the estimated true effect size producing a scatter plot which resembles
an inverted funnel. Publication bias argues that studies with non-significant results are less
likely to be published. Therefore, if publication bias is present, the distribution should be
asymmetric with the side of the funnel nearest the non-significant effect size containing
fewer data points (Egger et al 1997). The funnel plot from this data set was symmetric and,
no evidence of publication bias was found using a trim-and-fill analysis. A more-subtle
publication bias may result in studies with significant results being published in higher
impact journals, however no significant difference in the long-term impact factor of journals
publishing significant results versus those reporting no change in iron levels was found in
this dataset (Fig 3).

Citation bias was assessed by calculating both the total number of citations per paper and the
annual rate of citation (Fig 4). While citation rate is a more-reliable estimate of citation bias,
total number of citations offers an estimate of the total impact a study has had on subsequent
studies, so we felt both measures were useful. Significant citation bias was found in the
dataset favoring studies reporting positive effect size of Alzheimer’s disease on iron levels.
The study by Lovell et al in 1998 received many times more citations than any other study
and performed as an outlier – it was excluded from the calculation of citation bias. Studies
reporting increased levels of iron were cited more than twice as many times (p<0.05) as
those that found levels did not change. The rate of citation among these articles was also
significantly greater (p<0.01). Citation bias was also assessed by whether the authors
interpreted their results as demonstrating an alteration in iron levels because in several cases
the authors’ interpretation differed from the results we obtained. Studies which the authors
interpreted as showing an increase were cited more than three-times more than those
concluded to be non-significant and the rates of citation were also more than three times
higher (p<0.0001 for each). We modeled the effect of the citation bias by weighting the
studies by the number of citations each had received (red arrow in Fig 5) and comparing that
to the effect size observed when the studies were weighted by inverse variance both with
and without exclusion criteria (the grey and green vertical arrows respectively in Fig 5). The
quality measures employed had the opposite effect on the apparent effect size as the citation
bias and this likely accounted for the widely held opinion that iron levels are increased in
AD neocortex.

3.4 Citation mapping of narrative review literature
Assessing for a cumulative citation bias is useful, but does not describe how primary data is
used in building scientific hypotheses. For a more-precise understanding, we manually
analyzed a cross-section of review literature which described alterations in transition metal
metabolism in AD. Relevant articles were found by querying PubMed and Science Citation
Index for —iron or —metals and —Alzheimer’s and filtering for review articles. The
articles retrieved were screened to determine whether or not they made a claim regarding
brain iron levels in AD. Since 1990, 115 narrative review articles were found which make
such a claim – all but one claim that iron is increased in AD. The primary studies referenced
to support the claim are shown in Fig 6. Of the 115 relevant studies, 59 cited primary
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quantitative studies, 37 cited review articles and qualitative studies to support the claim, nine
cited only review literature (Amit et al 2008, Brewer 2007, Qian and Wang 1998, Rogers et
al 2008, Schipper 2004, Stankiewitz 2009, Takeda et al 2004, Youdim 2008, Zecca 2004),
and eight cited no supporting literature at all (Atamna 2009, Connor and Lee 2006, Milton
2004, Perry et al 2003, Rouault and Cooperman 2006, Schipper 2000, Schipper et al 2009).
Finally two studies inaccurately referenced iron measurements in either cerebrospinal fluid
or Parkinsonian brain as their only source to defend the claim that iron is increased in
Alzheimer’s disease (Maccioni et al 2009, Mandel and Silvia 2008). This sort of citation is
shown in Fig 6 by red arrows indicating an inappropriate citation. The citation pattern of the
59 studies which cited primary/quantitative sources is shown in Fig 6. Since its publication
in 1998, the article by Lovell et al has been the dominant source for the claim that iron is
increased. This figure qualitatively demonstrates that a systematic citation bias is present in
narrative review literature and that this bias is (at least qualitatively) considerably greater
than the citation bias observed in the general literature. Additionally, it clarifies the degree
to which brain iron overload as a feature of Alzheimer’s disease has become dogma. Less
than 1% of the reviewed articles claimed iron was not increased, and eight articles cited no
supporting literature for the claim.

4. DISCUSSION
While the bulk of the findings from this study described reports of iron levels in AD, several
important findings relevant to zinc and copper were noteworthy. No significant change in
bulk neocortical zinc levels was found, although a modest elevation in the parietal lobe was
noted. The data on zinc levels in the neocortex was heterogeneous and no clear explanation
for the heterogeneity could be deduced from the meta-data. However, some of the included
studies indicated that their brain samples contained equal portions of white and grey matter,
while others were more ambiguous; the study reporting the largest increase in zinc levels
sampled from temporal lobe cortex (Religa et al 2006). Consistent with this pattern, we
recently reported that zinc levels were unchanged in AD in temporal lobe white matter, but
were significantly increased in the overlying cortical ribbon (Schrag et al 2010b). It is
therefore possible that the heterogeneity of these results is due to differences in tissue
sampling.

The available evidence suggests that copper is generally depleted in AD (although copper
was noted to increase in the putamen by one study). A single discordant study originating
from the U of K (excluded from this analysis) indicated a more than four-fold increased
copper levels in AD (potentially a fixation artifact) -- this study is the most cited paper on
the subject of copper in AD and appears to be the source for numerous articles reporting that
copper levels are (several fold) increased in AD (Bush 2000, Cuajungco et al 2000, Filiz et
al 2008, Lovell et al 1998, Rottkamp et al 2001). It is important to emphasize that the
overwhelming number of studies report that copper is not increased in AD brain. Of note, a
clinical trial of D-penicillamine, a copper chelator, was unable to produce any clinical
improvement in the treated cohort of AD patients (in fact patients trended toward worse
outcomes), although subjects experienced numerous toxicities resulting in one subject death
and the early suspension of the trial (Squitti et al 2002).

Regarding iron, we conclude that Alzheimer’s disease does not appear to alter neocortical
iron levels. Iron was modestly elevated in the AD putamen over controls, but no other brain
region appeared to be affected. The increases in tissue iron in deep grey matter may be a
significant component of Alzheimer’s disease pathology, but certainly do not account for the
neocortical dysfunction observed in this disease. Moreover, AD is commonly comorbid with
some degree of Lewy body disease which is strongly associated with increases in basal
ganglia iron -- the findings in the putamen may be more reflective of this disease process
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(Chavhan et al 2009, Dexter et al 1991). Gradient echo T2* (GRE-T2*) and susceptibility
weighted imaging (SWI) are iron-sensitive sequences that have been used to follow brain
iron levels in AD patients. Several large studies of this technology have been conducted to
evaluate the usefulness of following brain iron levels as a biomarker of AD. In these studies
the putamen was the only region consistently found to contain increased levels of iron in AD
(Ding et al 2009, Kirsch et al 2009, Zhu et al 2009). This is remarkably consistent with the
results of this meta-analysis and validates the utility of this technology for noninvasively
estimating tissue iron levels. However, increases in putamen iron are not specific to AD and
therefore may not be particularly helpful in establishing a diagnosis. Few studies described
the levels of iron in males versus females with AD, but the limited data available does not
show any significant difference between sexes (Magaki et al 2007). Finally, none of the
included studies specifically analyzed iron levels in brains from patients with early-onset
and familial forms of AD.

Focal alterations in metals distribution have been suggested by several studies to be
associated with the primary pathologies of AD. All three metals evaluated here are reported
to accumulate within senile plaques, although other studies call into question the consistency
of this observation. One study found 30% of plaques had no detectable iron in them while a
few of the largest plaques had high concentrations of redox-active magnetite. Because of the
inhomogeneous distribution of metals in the brain, it is important to cautiously interpret the
finding that bulk levels of iron are unchanged – an underlying alteration in iron metabolism
may still be present and if this were to result in an increased fraction of poorly liganded iron
it is reasonable that it could account for the oxidative injuries observed in Alzheimer’s
disease. Never-the-less, based upon these cumulative findings and because of the
disproportionate impact of outlier data on the literature, we feel it will be important to re-
evaluate brain metals-overload hypotheses particularly when considering additional clinical
trials of metal chelating/modulating therapies. It is fundamentally important that the
application of metal-targeted pharmacology restores not only normal metal levels, but also
normal transition metal physiology.

Importantly, the data from this meta-analysis indicates that there is a wide-spread
misconception in the scientific literature regarding the levels of several transition metals,
most prominently iron, in AD brain. Less than 1% of the review articles analyzed in this
study reported that iron levels were not increased. This family of studies spanning fifty years
serves as a case-study in the development of a dogma and we tried to understand what
factors contributed to the development of the distortion and what strategies might be
reasonable to modify this risk. The misconception appears to have arisen as a result of
significant citation bias (p<0.0001) in the absence of publication bias which amplified the
contributions of one laboratory which were significantly different from all other published
reports.

Systematic evidence describing citation bias is limited. The bulk of available evidence
describing the phenomenon is focused on clinical studies where it is obviously of great
importance – selective citation may misguide clinical and health-policy decision making
which can immediately endanger patients. Citation bias has been reported in a wide range of
topics, including literature describing smoking rate among schizophrenics (Chapman et al
2009), in clinical trials for various hepato-biliary diseases (Kjaergard et al 2002) and the
effect of anti-inflammatory drugs on rheumatoid arthritis (Gotsche et al 1989) among others
topics. Evidence for citation bias in basic science literature is more limited, although an
elegant study recently demonstrated extensive bias in studies reporting the presence or
absence of amyloid in muscle tissue in inclusion body myositis (Greenberg 2010). Citation
bias is generally thought to favor studies reporting significant findings (what has sometimes
been termed optimism bias), although there is evidence for mixed biases, with certain fields
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favoring over-citation of negative associations (Hutchison et al 1995, Nieminem et al 2007).
Understanding how citation bias develops is important in developing strategies to control it.
One reasonable hypothesis that has been presented is that studies reporting significant
findings are likely to be published in higher impact factor journals and are therefore more
visible which could account for higher citation rates. However, one of the earliest analyses
of citation bias reported no significant correlation between citation rates of individual
articles and journal impact factor (Seglen 1989). These findings are consistent with the
results of our study – negative results were just as likely to be published in high impact
factor journals. Another hypothesis suggests that a regional citation bias favors citation of
articles originating in the United States or in English-speaking countries. Paris et al argued
that Italian scientific contributions to the field of environmental science were systematically
under-cited despite being published in journals with strong impact factors relative to the
field (1998). We could not exclude some component of regional citation bias in our results.
While the studies that received the greatest number of citations in our analysis originated in
North America, those reporting —negative findings were cited at comparable rates
regardless of the geographical origin of the publication – of course, this study is probably far
too small to effectively identify such a bias. Finally, some evidence has previously
suggested that narrative review articles were particularly prone to citation bias (Schmidt et al
2006). This pattern was strikingly evident in our analysis as well. Among other purposes, the
narrative review is a venue to distill current research to frame scientific hypotheses.
Unfortunately, the tacit assumption of unbiased literature sampling in the formulation of
review literature has proved to be unreliable. This is probably not so conspiratorial as it is a
human and technological reality which underscores the need for more rigorous systematic
analysis of basic science data to provide the foundation for clinical trials in a given field.

Using meta-analysis and systemic review methodologies we have identified the wide-spread
misconception in AD literature that iron, and to a lesser degree zinc and copper, levels are
increased in AD brain. In addition to misleading research studies, this may also prove to be
dangerous to AD patients. Therapies based on this largely unsupported dogma could result
in unexpected toxicities and failure to be of therapeutic value. In light of our findings it will
be important to re-evaluate the brain metal-overload hypothesis in AD and critically review
related research and review articles.
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Refer to Web version on PubMed Central for supplementary material.
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RESEARCH HIGHLIGHTS

1. Neocortical iron levels are not increased in Alzheimer’s disease compared to
aged control subjects

2. Bulk neocortical zinc levels do not appear to be increased in Alzheimer’s
disease compared to aged control subjects, although several studies indicate that
zinc is selectively increased in grey matter in Alzheimer’s disease.

3. Copper levels are significantly decreased across multiple brain regions in
Alzheimer’s disease. On average, copper is reduced by 13.8% in the neocortex
(p=0.0003).

4. One data-source found that iron was significantly increased in Alzheimer’s
disease neocortex and studies published by this group were cited more than 3
times as often as the studies from groups reporting non-significant changes in
iron levels.

5. Citation bias is particularly prominent in narrative review articles describing
iron metabolism in Alzheimer’s disease.

6. Amplification of outlier data by citation bias can influence scientific opinion.
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Figure 1. Meta-data of studies reporting the effect of Alzheimer’s disease on neocortical iron,
zinc and copper concentrations
Data from hippocampus, frontal, temporal and parietal lobes were combined to assess
neocortical metal levels. Studies from the University of Kentucky (U of K) are indicated by
red parentheses for iron data. The mean effect size indicated by red vertical lines includes
data reported by U of K (p=0.13). The black vertical line indicates the meta-effect size for
iron when this data source is excluded. There is no significant increase in neocortical iron in
Alzheimer’s brain: effect size = −0.05, 95%CI −0.34-0.25; n= 206 control, 251 AD
(p=0.76). There is a trend toward an increase in neocortical zinc, although the dataset is
significantly heterogenous: effect size = 0.26, 95% CI −0.22-0.75; n= 166 control, 118 AD
(p=0.29). Copper levels are significantly depleted in Alzheimer’s disease neocortex: effect
size = −0.59, 95% CI −0.87- −0.31; n= 123 controls, 115 AD (p<0.0003). This correlates to
a reduction of about 0.4 μg Cu/g tissue, or a 13.8% reduction.
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Figure 2. Laboratory of origin and not analytical technique appears to be the source of
heterogeneity in measurements of neocortical iron in Alzheimer’s disease
Subgroups analysis found that the University of Kentucky results indicate a significant
positive effect size. Data from other groups using INAA for analysis found no significant
change and groups using non-INAA techniques also found no significant change. The results
reported by the University of Kentucky are different from the results obtained from groups
whether they used INAA for analysis (p<0.0001) or non-INAA techniques (p<0.0001).
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Figure 3. No evidence of publication bias is present in the dataset
Funnel plot illustrates symmetric distribution of the studies and exclusion of the results from
the University of Kentucky does not alter this analysis. The long-term impact factor of
journals publishing studies which analyzed iron content of Alzheimer’s disease brain was
not statistically different between those that argue that iron levels change and those that
argue that it does not.
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Figure 4. Significant citation bias is present favoring studies which found an increase in brain
iron
There was a significant increase in both the number (p<0.05) and frequency (p<0.01) of
citations favoring studies which found a significant increase in brain iron in AD. A more
than three-fold increase in the number and frequency of citation (p<0.0001 for each) was
observed favoring articles which interpreted their data as supporting the hypothesis that iron
is increased compared to those that do not. In some cases the authors’ interpretation
appeared to differ from the data – in these cases the interpretation may have been based on
data from a particular brain region or other non-quantitative findings or the data may have
appeared significant prior to conversion to the standard measure (μg Fe/g wet weight tissue)
which was necessary for inclusion in this study.
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Figure 5. The divergent effects of quality measures and citation bias lead to different
interpretations of the dataset
When all available studies were included in the analysis, a small positive effect size was
observed. Introduction of quality-based exclusion criteria adjusted the effect size to −0.08
(green vertical arrow). Finally, when all available studies were included and weighted by the
number of citations received (instead of conventional weighting by inverse variance), the
apparent effect size was increased to 0.53 (red arrow). It should be noted that even this
exaggerated effect size correlated to less than 3 g/g increase in brain iron (about 5% higher
than control).
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Figure 6. Citation map illustrating citation bias in review literature describing the role of iron in
Alzheimer’s disease
Of 115 review articles reviewed, only 59 cited quantitative literature and only one (in white
square) argued that iron levels were not altered in Alzheimer’s disease. Of the 94 citations
shown in the map above, only 6 referenced negative literature and of those 3 misrepresented
the findings of those studies to suggest they demonstrated an increase in brain iron.
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