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Ferritin levels in the cerebrospinal fluid predict

Alzheimer's disease outcomes and are regulated
by APOE

Scott Ayton'*, Noel G. Faux?3*, Ashley I. Bush® & Alzheimer's Disease Neuroimaging Initiative

Brain iron elevation is implicated in Alzheimer's disease (AD) pathogenesis, but the impact of
iron on disease outcomes has not been previously explored in a longitudinal study. Ferritin is
the major iron storage protein of the body; by using cerebrospinal fluid (CSF) levels of ferritin
as an index, we explored whether brain iron status impacts longitudinal outcomes in the
Alzheimer's Disease Neuroimaging Initiative (ADNI) cohort. We show that baseline CSF
ferritin levels were negatively associated with cognitive performance over 7 years in 91
cognitively normal, 144 mild cognitive impairment (MCI) and 67 AD subjects, and predicted
MCI conversion to AD. Ferritin was strongly associated with CSF apolipoprotein E levels and
was elevated by the Alzheimer's risk allele, APOE-¢4. These findings reveal that elevated brain
iron adversely impacts on AD progression, and introduce brain iron elevation as a possible
mechanism for APOE-¢4 being the major genetic risk factor for AD.
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ortical iron elevation is 1ncreasmgly reported as a feature

of Alzheimer’s disease (AD)!, and rmght contribute to the

oxidative damage observed in AD brains?. A single-blind,
2-year trial of 48 AD patients with the iron chelator,
deferoxamine, reported decreased cognitive decline®, but this
has not been followed up. While evidence in animal models argue
in favour of brain iron accumulation propelling atrophy and
dementia®, prospective evidence about the link between brain
iron status and clinical outcomes in AD is lacking.

CSF ferritin could be an index of brain iron load. Ferritin is the
iron storage protein of the body and is elevated in AD brain
tissue>” 8. n cultured systems, ferritin expression®!? and
secretion!! by glia is dependent on cellular iron levels. Ferritin
levels in CSF likely reflect iron levels in the brain and can have
clinical utility. For example, in Restless Legs Syndrome, a disorder
of low brain iron that is treated with iron supplementation, CSF
ferritin levels are decreased!?. CSF ferritin was reported to be
elevated in AD in one study'?, but this was not repeated in
subsequent studies using larger clinical cohorts!®!>.

Here, we examined the association of baseline CSF-ferritin data
with biomarker, cognitive, anatomical and diagnostic outcomes
over 7 years in the Alzheimer’s disease Neuroimaging Initiative
(ADNI) prospective clinical cohort. We show that CSF ferritin
levels have similar utility compared with more established AD
CSF biomarkers, the tau/AP;_4, ratio and apolipoprotein E
(ApoE) levels, in predicting various outcomes of AD. However,
the nature of the relationship between CSF ferritin levels and
cognitive performance was different from the other biomarkers,
and, in contrast, CSF ferritin appears as a trait variable, and not a
marker of disease.

Results

The relationship between CSF ferritin and biomarkers of AD.
In agreement with other reports'4!>, CSF ferritin levels were not
different between cognitively normal (CN; n =91), mild cognitive
impairment (MCL n=144) and AD (n=67) subjects
(ANCOVA: P=0.591; Table 1) in the ADNI cohort. Neither
were there changes in ferritin levels when we separated the cohort
according to CSF AP, 4, levels (192ngl™ 1 cutoff; as proposed
previously'®) to reflect likely cerebral amyloid burden
(ANCOVA: P=0.946; Supplementary Fig. 1). But in multiple
regression modelling of ferritin including the established CSF
biomarkers of AD'7 (tau, p-tau, AP,_4,), CSF ferritin levels were
predicted by AP; 4 (partial R2=0.013, P=0.029) and tau

(partial R? =0.086, P <0.001; model 1, Supplementary Table 1),
although not by p-tau. Since the apolipoprotein E gene
(APOE) alleles are the major genetic risk for AD'® and CSF
apolipoprotein E protein (AE)OE) levels are associated with
APy (refs 19,20) and tau?®?!, we re-built the model to
include CSF ApoE levels. This abolished the relationship
between ferritin and the other biomarkers (AB;_s: R*<0.001,
P =0.904; tau: R?=0.003, P=0.219; model 2, Supplementary
Table 1). This led us to detect a surprisingly strong relatlonshlp
between ApoE and ferritin (linear term partial R?=0.243,
P=7.69 x 10 ~22), which was improved when AB;_4 and tau

Table 1 | Baseline characteristics of subjects from the ADNI cohort used in this study, stratified by diagnosis.

Units CN McCI AD P-value
n — 91 144 67 NA
Age Years (s.d.) 75.74 (5.43) 74.85 (7.2) 74.57 (7.61) 0.502
Female n (%) 46 (50.55) 47 (32.64) 29 (43.28) 0.021
Education Years (s.d.) 15.67 (2.94) 15.91 (2.95) 15.01 (2.96) 0.123
APOE-¢4 + ve n (%) 22 (24.18) 75 (52.08) 46 (68.66) 6.50x 108
ADAS-Cog13 Units (s.d.) 9.51 (4.16) 19.19 (5.94) 29.22 (8.21) 2.75x 1036
CSF Ferritin ngml~1 (s.d.) 6.4 (2.07) 6.95 (2.72) 6.94 (2.99) 0.591
CSF ApoE pgml 1 (s.d) 73 2.2 71 (2.22) 6.35 (2.27) 0.012
CSF tau pgml~1 (s.d.) 69.78 (28.01) 104.3 (52.41) 122.63 (57.47) 4.57x 107
CSF ptau pgml~1 (s.d.) 2477 (13.34) 36.39 (16.09) 4139 (20.76) 1.13x 106
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(non-significant terms) were removed from the model (linear
term  partial R2=0.341, P=152x10"% model 3,
Supplementary Table 1, Fig. 1a).

In model 3, APOE genotype strongly influenced CSF ferritin
(P=1.10 x 10’8), with the major AD risk allele, 4, inducing
22% higher levels than non-¢4 carriers (Fig. 1b). Reciprocally, in
multiple regression modelling of CSF ApoE, APOE &4-positive
subjects had lower ApoE levels (-16%; P =2.50 X 10~9)
compared with non-¢4 carriers (Fig. 1c). Plasma ferritin levels
were not associated with plasma ApoE levels or APOE ¢4 allele
status (Supplementary Fig. 2), but there was a modest association
between plasma ferritin and CSF ferritin levels (f=0.075,
P =0.0002; Supplementary Fig. 3).

Association of ferritin with neuropsychiatric assessments.
Next, we explored whether CSF ferritin was related to cognitive
performance in AD. Baseline ADAS-Cogl3 (The Alzheimer’s
Disease Assessment Scale) score was associated with CSF ferritin
(P =0.006; Table 2), ApoE levels (P=10.0003) and tau/AB;_4
ratio (P =0.025), independently, in a multiple regression model
containing the AD biomarkers and other clinical variables.
In tertile analysis, high (>7.2ngml~1!), compared with low
(<5.4ng ml 1), levels of ferritin were associated with an ~3
point poorer ADAS-cogl3 score (Fig. 2a). Similarly, in tertiles,
lower levels of ApoE (Fig. 2b) were associated with a ~4 point
worse ADAS-Cogl3, and higher tau/A; 4, ratio was associated
with a &2 point worse ADAS-Cogl3 (Fig. 2c), as previously
reported?!22,

To determine whether baseline values of CSF ferritin predict
longitudinal cognitive outcome, we constructed a mixed effects
model of annual ADAS-Cogl3 scores over 7 years (Table 2 for
statistics, Supplementary Table 2 for patient numbers) and
observed that both ApoE (P=0.006) and tau/Af,,, ratio
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Figure 2 | CSF ferritin levels independently predict cognitive status.
(a-c) Multiple regression of baseline ADAS-Cog13 score expressed as
tertiles of CSF (a) ferritin (L<5.5; H>7.3ngml~1), (b) ApoE (L< 5.8;
H>7.8pgml~") and () tau/AP;-4» (L<0.35; H>0.76). (d) Multiple
regression of baseline RAVLT score expressed as CSF ferritin tertiles. Data
are adjusted for baseline diagnosis, gender, years of education and the AD
CSF biomarkers in the minimal models. Data are means +s.e. 'n" is shown in
graph columns. CN, cognitively normal; MCI, mild cognitive impairment.

Table 2 | Modelling the association of CSF biomarkers on AD outcomes.
Model Ferritin* tau/Api-a2 ApoE
Cross-sectional cognition (MR) B (se) P value B (se) P value B (s.e) P value
ADAS-Cog13' 0.139 (0.050) 0.006 0.104 (0.046) 0.025 —0.178 (0.049) 0.0003
RAVLT —1.77 (0.559) 0.0017 NS NS 1.033 (0.564) 0.0677
Longitudinal cognition (MELM) B (s.e) P value B (s.e) P value B (s.e) P value
ADAS-Cog13*
Main effect 0.178 (0.051) 0.0005 0.129 (0.049) 0.009 —0.180 (0.051) 0.0004
Interaction time 0.0005 (0.016) 0.977 0.081 (0.016) 270x10~7 —0.044 (0.016) 0.006
RAVLT
Main effect —1.60 (0.63) 0.012 —0.847 (0.608) 0.165 1.03 (0.63) 0.104
Interaction time —0.035 (0.152) 0.817 —0.610 (0.150) 485%10~° 0.279 (0.152) 0.066
MCI conversion to AD Statistict P value Statistict P value Statistict P value
Cox (Hazard ratio) 1.10 (1.01-1.19) 0.030 1.53 (1.03-2.28) 0.037 0.83 (0.73-0.95) 0.008
LR (Odds ratio) 232 (1.86-2.90) 8.001x10~ " 1.45 (1.16-1.80) 0.0001 038 (0.30-0.48) 1.88x 10"
Rate of MRI atrophy (MELM) B (se) P value B (se) P value B (s.e) P value
Hippocampus —18.33 (7.86) 0.019 —3531(7.79) 6.81x 106 21.38 (8.02) 0.008
Lateral ventricles® 0.007 (0.003) 0.008 0.013 (0.002) 419 %108 —0.009 (0.003) 0.0002
Cox, Cox proportional hazard model; LR: logistic regression; MELM, mixed effects linear model; MR, multiple regression; NS, not significant. All models initially contained the variables: age, gender, BMI,
APOE genotype, baseline diagnosis; the MRI models additionally included intracranial volume. Minimal models for the cognition models included baseline diagnosis, gender, years of education and the AD
CSF biomarkers. Minimal model for the Cox proportional hazard model (Cox) contained only the AD CSF biomarkers. Minimal models for the MRI models contained age, gender, baseline diagnosis, years
of education, APOE ¢4 status and intracranial volume. All subjects with available data were included in the cross-sectional cognition models. Only CN and MCI subjects were included in modelling of
longitudinal cognition because short follow up of AD subjects (Supplementary Table 3). Only subjects who were classed as MCl at baseline were included in the MCI conversion models. The MRI models
contained subjects who were classed as cognitively normal or MCI at baseline. AD subjects at baseline were not included because of low numbers and lack of follow-up (Supplementary Tables 3).
*Ferritin values were log-transformed, excluding non-parametric Cox and LR models.
TThe B-coefficient is for the square root of ADAS-Cogl3.
1The statistics for the conversion models were based on one interquartile range change for each analyte (ferritin: 3.3ng mi—7, tau/APi-42: 0.67 units; ApoE: 3.1ug mi=.
§For Lateral ventricles, the B-coefficient is for natural log of the ventricle volume.
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(P=2.70 x 10~7) were still associated with rate of cognitive
change (interacted with time), as previously reported?!?2,
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Figure 4 | CSF ferritin levels independently predict brain structural changes. (a-c) Longitudinal hippocampal changes based on tertiles of CSF (a) ferritin
(L<5.5;H>7.3ngml 1 (b) ApoE (L< 5.8, H>7.8 ugml =1 and (¢) tau/APy_42 (L<0.35; H>0.76) tertiles (refer to Table 2). (d-f) Longitudinal lateral
ventricular changes based on CSF (d) ferritin (e) ApoE and (f) tau/Ap_4, tertiles (refer to Table 2). These mixed effects models were adjusted for age,
gender, baseline diagnosis, years of education, APOE &4 status and intracranial volume. Tertiles at baseline were not significantly different for all models,
therefore for visual display the baseline values were held at the adjusted means for each diagnostic group. CN, cognitively normal; H, highest tertile; M,

middle tertile; MCI, mild cognitive impairment; L, lowest tertile.

shown to predict atrophy of various brain structures when con-
sidered in isolation?®. Baseline ApoE, ferritin and tau/AB;_4,
values each independently predicted hippocampal volume in an
adjusted longitudinal model (Table 2). The rate of atrophy of the
hippocampus was greater in individuals with high CSF ferritin
(P=0.02; Fig. 4a). Low CSF ApoE (P=0.008; Fig. 4b) or high
tau/APB,_4, (P=6.80 x 10~ 6, ; Fig. 4c) also predicted atrophy, as
previous reported?!> Lateral ventricular enlargement over time
was similarly assoc1ated independently with high-CSF ferritin
(P =0.008; Fig. 4d), low-CSF ApoE (P =0.0002; Fig. 4e), or high
tau/AB;_g (P=4.19 x 10~ 8; Fig. 4f).

Discussion

Our analyses show that CSF ferritin levels were independently
related to cognitive performance in the ADNI cohort and
predicted MCI conversion to AD. The magnitude impact of
ferritin on these outcomes was comparable to the established
biomarkers, ApoE and tau/A,_sp; however, the nature of the
effect of ferritin was not the same. Ferritin was associated with
constant shift in cognitive performance over the study period
(Fig. 5a), whereas the decrements associated with the other
biomarkers were exaggerated over time (Fig. 5b). A downward
shift (poorer cognitive presentation) in response to high ferritin
levels (1.77 RAVLT points per 1 ngml ~ ! ferritin; Table 2) results
in an earlier age of diagnosis (3 months per 1 ngng ml ~ ! ferritin;
Fig. 3b). This would be consistent with findings that patients with
an early age of AD onset have greater neocortical iron burden
than late-onset patients’”. Collectively these data support
consideration of therapeutic strategies that lower brain iron,
which have reported beneficial outcomes in Phase II trials of
Alzheimer’s® and Parkinson’s?® diseases. Lowering CSF ferritin,
as might be expected from a drug like deferiprone?®, could
conceivably delay MCI conversion to AD by as much as 3 years.
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Figure 5 | Schematic: the impact of ferritin and other biomarkers on AD
presentation. (a) CSF ferritin has a qualitatively different impact to

(b) CSF tau/APi_42 and ApoE on cognitive performance over time in
cognitively normal (dotted lines) and in subjects who develop AD

(solid lines). Higher CSF ferritin levels are associated with poorer baseline
cognitive status (for example, RAVLT) by [a] points, where [a] = Ln[ferritin
(ngml ~11*1-77 (refer to Table 2). This effect is constant over time,
such that [a] =[B,x]. Consequently, ferritin causes a shift to the left in
age of conversion to AD by [8] months, where [8]= ferritin (ngml~")*3
(refer to Fig. 3b). Levels of tau/AB_4, or ApoE are associated with

both baseline cognitive status [€] and the rate of cognitive deterioration,
such that [e]<[d,y]. The effect causes a shift in age of diagnosis

by [n1 months where [1]=ApoE (ugml~1)*8 or tau/AB_s» (units)*17
(refer to Fig. 3b).

An unresolved question arising from this study is why are CSF
ferritin levels not elevated in AD, where brain iron levels are
reported as elevated’? We hypothesize that ferritin levels in the
CSF reflect global brain iron burden, whereas iron elevation in
AD has only been r 7ported in affected regions (for example,
frontal cortical tissue?”). Possibly, iron elevation in brain regions
affected by AD is too confined regionally to be reflected in CSF.
An altered relationship between tissue and CSF ferritin in AD,
however, cannot yet be excluded.

© 2015 Macmillan Publishers Limited. All rights reserved.
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Our data also provide exploratory insights into iron in AD
aetiopathogenesis, identifying an unexpected interaction of ApoE
with ferritin. That ferritin levels are increased by the APOE-¢4
allele argues that ApoE influences ferritin levels, rather than the
reverse. Our current findings indicate that APOE genotype should
influence constitutive brain iron burden. However, to our knowl-
edge, a post mortem study of iron or ferritin in brain tissue,
stratified according to APOE genotype, has not been reported.
Focal changes to iron and ferritin have been observed in AD brains
post mortem">°~8, and on the basis of our findings we propose
that the &4 genotype raises the baseline iron load of the brain, thus
lowering the threshold for iron-mediated neuronal loss in disease.
This proposal awaits experimental confirmation, but it is possible
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Associations between the baseline Alzheimer’s Disease Assessment Scale
Cognition (ADAS-cogl3) and Rey Auditory Verbal Learning Test (RAVLT) scores
with CSF ferritin, the CSF tau/AB;_4, ratio and CSF ApoE were tested with a
covariate-adjusted multiple regression for each cogntive scale. For these analyses,
age, gender, BMI, years of education, APOE-¢4 allele and baseline diagnosis were
initially included as covariates. To assess the association of baseline CSF ferritin
levels with the longitudinal clinical outcomes (ADAS-cogl3 and RAVLT scores
over 7 years), linear mixed effects models were used. These models were adjusted
for the same variables as the baseline models of cognition, and additionally
included time as interacting variable with each of the CSF biomarkers. AD subjects
were excluded from the longitudinal analysis because of low rate of follow up
(Supplementary Table 2). A significant value for any of these interaction terms
would indicate that the variable affected the rate of cognitive change. For the
ADAS-cogl3, longitudinal analysis, the minimal model included years of
education, gender and APOE-¢4 allele. For the longitudinal analysis with RAVLT,
the minimal model included years of education and gender.

Cox proportional hazards model was used to assess the impact of CSF analytes
on the time to AD conversion. The initial model contained age at baseline, gender,
years of education and APOE-¢4 genotype as confounding variables together with
CSF ApoE, tau/AP;_4, and ferritin. A minimal model containing only the CSF
biomarkers was identified via BIC step down procedure and log likelihood test.

Logistic regression analysis was used to assess the impact of CSF analytes on risk
of conversion to AD. Combinations of CSF ferritin, ApoE and tau/AB;_4, analytes
were included in logistic regression models of MCI conversion to AD that were
adjusted for age at baseline, gender, years of education, APOE genotype and BMIL
These models determined the predictive performance of these analytes in identifying
stable MCI participants from MCI participants who, up to 102 months, had a
diagnosis change to AD. The receiver-operator curves and the area under the curve
were derived from the predictive probabilities of the logistic regression models.

The relationships between CSF ferritin, ApoE, tau/AB;_4, with longitudinal
structural (MRI) changes to hippocampus and lateral ventricle were analysed using
linear mixed models adjusted for age, years of education, BMI, gender and APOE
genotype and intracranial volume. For all models, CSF ferritin, ApoE, tau/A;_4,
and baseline diagnosis were included as fixed effects and were not removed from a
minimal model. Two random effects were also included, intercepts and slope
(time). An interaction between time and diagnosis, time and CSF ferritin, time and
CSF ApoE, as well as time and CSF tau/AP,;_4, were also included for all models.
All the AD subjects were excluded from MRI analyses due to low numbers and
short follow-up. PET imaging data from ADNI were not included in the analysis
because there were too few patients who had CSF ferritin measured and who also
underwent PET imaging at baseline.

References

1. van Rooden, S. et al. 7T T,-weighted magnetic resonance imaging reveals
cortical phase differences between early- and late-onset Alzheimer’s disease.
Neurobiol. Aging 36, 20-26 (2014).

2. Smith, M. A, Harris, P. L., Sayre, L. M. & Perry, G. Iron accumulation in
Alzheimer disease is a source of redox-generated free radicals. Proc. Natl Acad.
Sci. USA 94, 9866-9868 (1997).

3. Crapper McLachlan, D. R. et al. Intramuscular desferrioxamine in patients with
Alzheimer’s disease. Lancet 337, 1304-1308 (1991).

4. Lei, P. et al. Tau deficiency induces parkinsonism with dementia by impairing
APP-mediated iron export. Nat. Med. 18, 291-295 (2012).

5. Jellinger, K., Paulus, W., Grundke-Igbal, L, Riederer, P. & Youdim, M. B. Brain
iron and ferritin in Parkinson’s and Alzheimer’s diseases. J. Neural Transm.
Park. Dis. Dement. Sect. 2, 327-340 (1990).

6. Connor, J. R, Menzies, S. L., St Martin, S. M. & Mufson, E. J. A histochemical
study of iron, transferrin, and ferritin in Alzheimer’s diseased brains. J.
Neurosci. Res. 31, 75-83 (1992).

7. Bartzokis, G., Tishler, T. A., Shin, I. S,, Lu, P. H. & Cummings, J. L. Brain
ferritin iron as a risk factor for age at onset in neurodegenerative diseases. Ann.
N. Y. Acad. Sci. 1012, 224-236 (2004).

8. Quintana, C. et al. Study of the localization of iron, ferritin, and hemosiderin in
Alzheimer’s disease hippocampus by analytical microscopy at the subcellular
level. J. Struct. Biol. 153, 42-54 (2006).

9. Hansen, T. M., Nielsen, H., Bernth, N. & Moos, T. Expression of ferritin protein
and subunit mRNAs in normal and iron deficient rat brain. Brain Res. Mol.
Brain Res. 65, 186-197 (1999).


http://www.nature.com/naturecommunications

ARTICLE

43. Team, R.C. R. A Language and Environment for Statistical Computing
(R Foundation for Statistical Computing, 2014).

44. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis (Springer New York,
2009).

45. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & Team, R. C. nlme: Linear and
Nonlinear Mixed Effects Models (2014).

46. Fox, J. & Weisberg, S. An R Companion to Applied Regression (Sage, 2011).

47. Fellows, I. Deducer: a data analysis GUI for R. J. Stat. Softw. 48, 1-15 (2012).

48. Kim, Y. O., Kang, J. S., Youm, M. H. & Jong Woo, Y. Diagnostic capability of
CSF ferritin in children with meningitis. Pediatr. Neurol. 28, 271-276 (2003).

Acknowledgements

Data collection and sharing for this project was funded by the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) (National Institutes of Health Grant U01 AG024904)
and DOD ADNI (Department of Defence award number W81XWH-12-2-0012). ADNI
is funded by the National Institute on Aging, the National Institute of Biomedical
Imaging and Bioengineering, and through generous contributions from the following:
Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; BioClinica; Biogen
Idec; Bristol-Myers Squibb Company; Eisai; Elan Pharmaceuticals; Eli Lilly and
Company; F. Hoffmann-La Roche and its affiliated company Genentech; GE Healthcare;
Innogenetics, N. V.; IXICO; Janssen Alzheimer Immunotherapy Research &
Development, LLC.; Johnson & Johnson Pharmaceutical Research & Development LLC,;
Medpace; Merck & Co.; Meso Scale Diagnostics, LLC.; NeuroRx Research; Novartis
Pharmaceuticals Corporation; Pfizer; Piramal Imaging; Servier; Synarc; and Takeda
Pharmaceutical Company. The Canadian Institutes of Health Research is providing
funds to support ADNI clinical sites in Canada. Private sector contributions are
facilitated by the Foundation for the National Institutes of Health (www.fnih.org). The
grantee organization is the Northern California Institute for Research and Education, and
the study is coordinated by the Alzheimer’s Disease Cooperative Study at the University
of California, San Diego. ADNI data are disseminated by the Laboratory for Neuro
Imaging at the University of Southern California. Analysis supported by funds from the
Australian Research Council, the Australian National Health & Medical Research

Council NHMRC), the CRC for Mental Health (the Cooperative Research Centre (CRC)
programme is an Australian Government Initiative), the Yulgilbar foundation, and
Operational Infrastructure Support from the Victorian State Government.

Author contributions

S.A. provided-scientific concept, modelling of data and wrote manuscript. N.G.F.
helped in modelling of data and wrote manuscript. A.LB. supervised modelling,
wrote manuscript and funded analysis project.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: A.LB. is a shareholder in Prana Biotechnology, Cogstate,
Eucalyptus, Mesoblast, Brighton Biotech, LLC, and a payed consultant for Collaborative
Medicinal Developments, LLC and Brighton Biotech, LLC. S.A. and N.G.F. declare no
competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ayton, S. et al. Ferritin levels in the cerebrospinal fluid predict
Alzheimer’s disease outcomes and is regulated by APOE. Nat. Commun. 6:6760

doi: 10.1038/ncomms7760 (2015).

This work is licensed under a Creative Commons Attribution 4.0
By International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Michael W. Weiner?, Paul Aisen®, Ronald Petersen®, Clifford R. Jack Jr.8, William Jagust’, John Q. Trojanowkig,
Arthur W. Toga®, Laurel Beckett'®, Robert C. Green', Andrew J. Saykin'?, John Morris', Leslie M. Shaw?,

Zaven Khachaturian®', Greg Sorensen'®, Lew Kuller'®, Marc Raichle'3, Steven Paul', Peter Davies'®, Howard Fillit'®,
Franz Hefti20, Davie Holtzman'3, M. Marcel Mesulam?!, William Potter?2, Peter Snyder23, Adam Schwartz?4,
Tom Montine2>, Ronald G. Thomas®, Michael Donohue®, Sarah Walter®, Devon Gessert®, Tamie Sather?,

Gus Jiminez>, Danielle Harveym, Matthew Bernstein®, Nick Fox2®, Paul Thompson27, Norbert Schuff410,

Bret Borowski®, Jeff Gunter®, Matt Senjem6, Prashanthi Vemuri®, David Jones®, Kejal Kantarci®, Chad Ward®,
Robert A. Koeppe28, Norm Fosterzg, Eric M. Reiman30, Kewei Chen30, Chet Mathis'®, Susan Landau’,

Nigel J. Cairns®, Erin Householder®, Lisa Taonr-ReinwaIdB, Virginia Lee8, Magdalena Korecka8, Michal Figurskis,
Karen Crawford®, Scott Neu®, Tatiana M. Foroud'?, Steven Potkin®', Li Shen'?, Kelley Faber'?, Sungeun Kim'2,
Kwangsik Nho'?, Leon Thal®, Neil Buckholtz32, Marylyn Albert33, Richard Frank3?, John Hsiao3?2, Jeffrey Kaye35,

Joseph Quinn3?, Betty Lind3, Raina Carter3, Sara Dolen3®, Lon S. Schneider®, Sonia Pawluczyk®, Mauricio Beccera®,

9

Liberty Teodoro®, Bryan M. Spann®, James Brewer®, Helen Vanderswag®, Adam Fleisher>3°, Judith L. Heidebrink28,
Joanne L. Lord?8, Sara S. Mason®, Colleen S. Albers®, David Knopman®, Kris Johnson®, Rachelle S. Doody3,
Javier Villanueva-Meyer3®, Munir Chowdhury3®, Susan Rountree3®, Mimi Dang3®, Yaakov Stern3®,

Lawrence S. Honig36, Karen L. Bell*®, Beau Ances', Maria Carroll'3, Sue Leon', Mark A. Mintun'3, Stacy Schneider'?,
Angela OIiverB, Daniel !\/\arson37, Randall Griffith37, David CIark37, David Geldmacher37, John Brockington37,

Erik Roberson3’, Hillel Grossman38, Effie Mitsis3¢, Leyla deToledo-Morrell3®, Raj C. Shah3°, Ranjan Duara?%,
Daniel Varon®, Maria T. Greig?©, Peggy Roberts?0, Marilyn Albert33, Chiadi Onyike33, Daniel D'Agostino 1133,
Stephanie Kielb33, James E. Galvin?!, Brittany Cerbone®!, Christina A. Michel?!, Henry Rusinek®!, Mony J de Leon?!,
Lidia Glodzik?', Susan De Santi*!, P. Murali Doraiswamy42, Jeffrey R. Petrella??, Terence Z. Wong42, Steven E. Arnold8,
Jason H. Karlawish8, David Wolk&, Charles D. Smith®3, Greg Jicha®3, Peter Hardy?3, Partha Sinha®3, Elizabeth

| 6:6760 | DOI: 10.1038/ncomms7760 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


www.fnih.org
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

ARTICLE

Oates?3, Gary Conrad®3, Oscar L. Lopez'®, MaryAnn Oakley'®, Donna M. Simpson33, Anton P. Porsteinsson®#, Bonnie
S. Goldstein**, Kim Martin*, Kelly M. Makino?*, M. Saleem Ismail*4, Connie Brand**, Ruth A. Mulnard?', Gaby
Thai®!, Catherine Mc-Adams-Ortiz3, Kyle Womack®®, Dana Mathews*, Mary Quiceno®®, Ramon Diaz-Arrastia®®,
Richard King45, Myron Weiner®, Kristen Martin-Cook?®, Michael DeVous??, Allan |. Levey46, James J. Lah?®,
Janet S. Cellar®®, Jeffrey M. Burns?’, Heather S. Anderson?’, Russell H. Swerdlow?’, Liana Apostolova?’,

Kathleen Tingu527, Ellen Woo?’, Daniel H.S. Silverman?’, Po H. Lu?/, George Bartzokis?’, Neill R Graff-Radford?®,
Francine Parfitt*8, Tracy Kendall*8, Heather Johnson?®, Martin R. Farlow'2, Ann Marie Hake'?, Brandy R. Matthews'?,
Scott Herringu, Cynthia Hunt'?, Christopher H. van Dyck49, Richard E. Carson?®, Martha G. MacAvoy49,

Howard Chertkow®°, Howard BergmanSO, Chris Hosein®, Sandra Black®!, Bojana Stefanovic®!, Curtis Caldwell®!,
Ging-Yuek Robin Hsiung®2, Howard Feldman®?, BenitaMudge®2, Michele Assaly®?, Andrew Kertesz>373,

John Roger553'73, Charles Bernick®3, Donna Munic®3, Diana Kerwin?!, Marek-Marsel Mesulam?!, Kristine Lipowskim,
Chuang-Kuo Wu?', Nancy Johnson?', Carl Sadowsky>>, Walter Martinez>>, Teresa Villena®>, Raymond Scott Turner®,
Kathleen Johnson®®, Brigid Reynolds®®, Reisa A. Sperling", Keith A. Johnson", Gad Marshall"!, Meghan Frey", Barton
Lane!, Allyson Rosen'!, Jared Tinklenberg“, Marwan N. Sabbagh57, Christine M. Belden®’,

Sandra A. Jacobson®’, Sherye A. Sirrel®’, Neil Kowall®®, Ronald KiIIiany58, Andrew E. Budson®8, Alexander Norbash®8,
Patricia Lynn Johnson®®, Joanne Allard®®, Alan Lerner®®, Paula Ogrocki6o, Leon Hudson®C, Evan Fletcher'©,

Owen Carmichael'©, John Olichney'®, Charles DeCarli'®, Smita Kittur®!, Michael Borrie®2, T-Y Lee®2 Rob Bartha®?,
Sterling Johnson®3, Sanjay Asthana®3, Cynthia M. Carlsson®3, Steven G. PotkinZ8, Adrian Preda8,

Dana Nguyen2®, Pierre Tariot3°, Stephanie Reeder3®, Vernice Bates®*, Horacio Capote®?, Michelle Rainka®?,
Douglas W. Scharre®®, Maria Kataki®®, Anahita Adeli®®, Earl A. Zimmerman®®, Dzintra Celmins®®,

Alice D. Brown®®, Godfrey D. Pearlson®’, Karen Blank®’, Karen Anderson®’, Robert B. Santulli®8,

Tamar J. Kitzmiller®8, Eben S. Schwartz®®, Kaycee M. Sink®?, Jeff D. Williamson®®, Pradeep Garg®®,

Franklin Watkins®®, Brian R. Ott9, Henry Querfurth’©, Geoffrey Tremont’©, Stephen SaIIowayﬂ, Paul Malloyﬂ,
Stephen Correia’!, Howard J. Rosen?, Bruce L. Miller?, Jacobo Mintzer’2, Kenneth Spicer’2, David Bachman’?,
Elizabether Finger73, Stephen Pasternak’3, Irina Rachinsky73, Dick Drost’3, Nunzio Pomara’4, Raymundo Hernando’4,
Antero Sarrael’4, Susan K. Schultz’>, Laura L. Boles Ponto’>, Hyungsub Shim’>, Karen Elizabeth Smith’>,

Norman Relkin'/, Gloria Chaingw, Lisa Raudin'1”, Amanda Smith’®, Kristin Fargher76, Balebail Ashok Raj76,
Thomas Neylan4, Jordan Grafman?!, Melissa Davis®, Rosemary Morrison®, Jacqueline Hayes4, Shannon Finley4,
Karl Friedl”’, Debra Fleischman3®, Konstantinos Arfanakis3?, Olga James*2, Dino Massoglia’?, J. Jay Fruehling®3,
Sandra Harding63, Elaine R. Peskind?®, Eric C. Petrie®®, Gail Li®®, Jerome A. Yesavage78, Joy L. Taonr78 &

Ansgar J. Furst’8

4UC San Francisco. °UC San Diego. ®Mayo Clinic, Rochester. 7UC Berkeley. 8 U Pennsylvania. 2USC. °UC Davis. ""Brigham and Women's Hospital/Harvard
Medical School. Indiana University. *Washington University St. Louis. Prevent Alzheimer's Disease 2020. 1°Siemens. "®University of Pittsburg. 1/ Cornell
University. '8Albert Einstein College of Medicine of Yeshiva University. AD Drug Discovery Foundation. 29Acumen Pharmaceuticals. 2'Northwestern
University. 22National Institute of Mental Health. 23Brown University. 24Eli Lilly. 22University of Washington. 2°University of London. 2/UCLA. 28University of
Michigan. 22University of Utah. 39Banner Alzheimer's Institute. 3'UC Irvine. 32National Institute on Aging. 33Johns Hopkins University. 34Richard Frank
Consulting. 3°Oregon Health and Science University. 3¢Baylor College of Medicine. 37 University of Alabama - Birmingham. 3Mount Sinai School of Medicine.
3%Rush University Medical Center. “°Wien Center. #'New York University. 42Duke University Medical Center. 43University of Kentucky. 44University of
Rochester Medical Center. 4>University of Texas Southwestern Medical School. #6Emory University. 4’University of Kansas, Medical Center. 8Mayo Clinic,
Jacksonville. 4®Yale University School of Medicine. °McGill University/Montreal-Jewish General Hospital. >'Sunnybrook Health Sciences, Ontario. °2U.B.C.
Clinic for AD & Related Disorders. >3Cognitive Neurology - St. Joseph’s, Ontario. >*Cleveland Clinic Lou Ruvo Center for Brain Health. >>Premiere Research
Institute, Palm Beach Neurology. °°Georgetown University Medical Center. °/Banner Sun Health Research Institute. *8Boston University. °°Howard
University. ©©Case Western Reserve University. ®'Neurological Care of CNY. ®2Parkwood Hospital. ©3University of Wisconsin. ®/Dent Neurologic Institute.
650hio State University. “®Albany Medical College. ©’Hartford Hospital, Olin Neuropsychiatry Research Center. ©Dartmouth-Hitchcock Medical Center.
69Wake Forest University Health Sciences. /ORhode Island Hospital. /'Butler Hospital. 72Medical University South Carolina. 73St. Joseph's Health Care.
74Nathan Kline Institute. 7*University of lowa College of Medicine. ®University of South Florida: USF Health Byrd Alzheimer's Institute. //Department of
Defence. 78Stanford University.

|6:6760 | DOI: 10.1038/ncomms7760 | www.nature.com/naturecommunications 9

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

	Ferritin levels in the cerebrospinal fluid predict Alzheimer’s disease outcomes and are regulated by APOE
	Introduction
	Results
	The relationship between CSF ferritin and biomarkers of AD
	Association of ferritin with neuropsychiatric assessments
	Association of ferritin with brain atrophy

	Discussion
	Methods
	ADNI description
	Recruitment inclusion and exclusion criteria for ADNI 1
	CSF biomarker collection and analysis
	Structural MRI acquisition and processing
	Statistical analysis

	Additional information
	Acknowledgements
	References




