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Abstract

Histopathological studies and animal models suggest that different physiological and
pathophysiological processes exert different subfield specific effects on the hippocampus. High-
resolution images at 4T depict details of the internal structure of the hippocampus allowing for in
vivo volumetry of hippocampal subfields. The aims of this study were (1) to determine patterns of
hippocampal subfield volume loss due to normal aging and Apo e4 carrier state, (2) to determine
subfield specific volume losses due to preclinical (MCI) and clinical Alzheimer’s disease (AD) and
their modification due to age and Apo e4 carrier state. One hundred fifty seven subjects (119
cognitively healthy elderly controls, 20 MCI and 18 AD) were studied with a high resolution T2
weighted imaging sequence obtained at 4T aimed at the hippocampus. Apo e4 carrier state was known
in 95 subjects (66 controls, 14 MCI, 15 AD). Subiculum (SUB), CA1, CA1-CA2 transition zone
(CA1-2 transition), CA3- dentate gyrus (CA3&DG) were manually marked. Multiple linear
regression analysis was used to test for effects of age, Apo e4 carrier state and effects of MCI and
AD on different hippocampal subfields. Age had a significant negative effect on CAl and CA3&DG
volumes in controls (P < 0.05). AD had significantly smaller volumes of SUB, CA1, CA1-2
transition, and MCI had smaller CA1-2 transition volumes than controls (P < 0.05). Apo e4 carrier
state was associated with volume loss in CA3&DG compared to non-Apo e4 carriers in healthy
controls and AD. Based on these findings, we conclude that subfield volumetry provides regional
selective information that allows to distinguish between different normal and pathological processes
affecting the hippocampus and thus for an improved differential diagnosis of neurodegenerative
diseases affecting the hippocampus.
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INTRODUCTION

Its neurochemical properties, for example, high concentrations of glutamate and glutamate
receptors and of adrenal steroid receptors, its neuroplasticity and lifelong ability for
neurogenesis render the hippocampus particularly vulnerable to various kinds of insults
(Schmidt-Kastner and Freund, 1991; McEwen, 2002). As a consequence, hippocampal
neuronal dysfunction or neuron loss are not only features of so different brain disorders such
as Alzheimer’s disease (AD), multiple sclerosis, epilepsy, schizophrenia, post-traumatic stress
syndrome, or traumatic brain injury (McEwen and Magarinos, 1997; Bluemcke et al., 1999;
Harrison, 2004; West et al., 2004; Swartz et al., 2006; Papadopoulos et al., 2009), but also of
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non-brain disorders, for example, hypertension or diabetes (Petrovitch et al., 2000; Korf et al.,
2006). However, the hippocampus is not a homogeneous structure but consists of several
histologically and functionally specialized but tightly interconnected subfields: the subiculum
(SUB), the cornu ammonis sectors (CA) 1-3, and the dentate gyrus (DG) (Duvernoy, 2005).
Animal and histopathological studies have shown that different pathological conditions exert
regional selective effects on hippocampal subfields, for example, AD and hypoxia damage
preferentially CA1 (Westetal., 2004), schizophrenia CA2 (Harrison, 2004), and post-traumatic
stress syndrome CA3 (McEwen and Magarinos, 1997), and so forth. These findings suggest
that neuroimaging methods able to obtain subfield specific information might allow for a better
differentiation of different disease processes than total hippocampal volume that is currently
the gold standard for the in vivo assessment of hippocampal structural damage.

The overall goal of this study is to demonstrate how subfield specific information from high
resolution magnetic resonance imaging (MRI) images can be used to differentiate between
physiological and pathological processes, and thus improve the diagnosis of AD. AD is the
most common form of dementia as it is estimated that the majority of the 24 million people in
world diagnosed with dementia suffer from AD. The cause of the most common form, that is,
sporadic, late onset AD, is still unknown. Age is the most consistent epidemiological risk factor
with the prevalence of the disease increasing from 1% at age 65 to 40-50% by the age of 95
(Wang and Ding, 2008). The best documented genetic risk factor for sporadic AD is
apolipoprotein E4 (Apo e4), although it is insufficient to explain all cases of sporadic late onset
AD as only 40-80% of all AD patients carry the Apo e4 allele (Waring and Rosenberg,
2008). There is increasing evidence that the molecular pathomechanisms leading to AD are
active several years before the patient becomes cognitively impaired (DeKosky and Marek,
2003). The concept of mild cognitive impairment (MCI) is an attempt to clinically define this
transition from normal aging to possible AD. Subjects diagnosed with MCI are not demented,
but have significant deficits in one or several cognitive domains and an increased risk to develop
dementia. The most relevant subtype for AD is amnestic MCI, which is characterized by
subjective and objective memory deficits but otherwise intact cognitive functions.

In this study, high resolution hippocampal images obtained at 4T and a manual marking scheme
for hippocampal subfield volumetry were used to address the following questions: (1) Can a
subfield specific effect of Apo e4 and age be detected in cognitively intact subjects. (2) Are
there subfield specific effects for MCI and AD, and how are they influenced by age and Apo
ed.

METHODS
Study Populations

The subjects described in this study participated in different research projects undertaken by
Center for Imaging of Neurodegenerative Diseases together with clinical collaborators at the
University of California, San Francisco, the Veterans Administration Center, San Francisco
and the California Pacific Medical Center, San Francisco. The findings in a subset of them
have been reported previously (Mueller et al., 2007, 2008). Each of these projects had been
reviewed and approved by the committees of Human Research of each of the involved
institutions. Informed consent had been obtained by all participants or their legal
representatives according to the Declaration of Helsinki. The effects of normal aging on
subfields were studied in 119 cognitively intact, healthy subjects [female/male (f/m): 64/55,
mean age: 53.4 = 17.2, age range: f 22—85 yrs] who had been recruited as controls for various
projects. The effects of Apo E4 were studied in a subset of 66 subjects of this population (f/m:
29/37, Apo e4 pos., i.e., at least one Apo e4 allele: 23; Apo e4 neg., i.e., no Apo e4 allele: 43,
mean age: 61.0 £ 13.9), who agreed to genetic testing. Eighteen subjects (f/m: 6/12 mean age
69.1 + 9.6, f/m: 6/12, mean MMSE 21.6 + 5.1) diagnosed with AD according to the criteria of
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the National Institute of Neurological and Communication Disorders and Stroke/Alzheimer’s
Disease and Related Disorders Association (NINDS-ADRDA), and 20 subjects (f/m 6/14,
mean age: 73.5 + 7.1, f, mean MMSE 28.0 * 2.1) meeting the criteria (Petersen et al., 1999)
for amnestic MCI were used to study the effect of preclinical and clinical AD on hippocampal
subfields. The information regarding Apo E genotype was available for 15 AD subjects (mean
age 67.5+9.3, Apo e4 pos: 10, Apo e4 neg. 5) and 14 MCI (mean age 74.5 £ 6.5, Apo e4 pos:
7 Apo e4 neg.: 7).

MRI Acquisition

The following sequences were acquired on a Bruker Med-Spec 4T system controlled by a
Siemens Trio™ console and equipped with a USA instruments eight channel array coil that
consisted of a separate transmit coil enclosing the eight receiver coils: (1) High resolution T2
weighted fast spin echo sequence (TR/TE: 3,500/19 ps, 0.4 x 0.4 mm in plane resolution, 2-
mm slice thickness, 24 interleaved slices without gap for subfield volumetry. (2) T2 weighted
turbospin echo sequence (TR/TE 8,390/70 ps, 150° flip angle, 0.9 x 0.9 x 3 mm nominal
resolution, 54 slices) for the determination of the intracranial volume (ICV).

Postprocessing and Manual Marking of Hippocampal Subfields

The method used for subfield marking including assessment of measurement reliability has
been described in detail previously (Mueller et al., 2007, 2008). The marking scheme depends
on anatomical landmarks, particularly, on a hypointense line representing myelinated fibers in
the stratum moleculare/lacunosum that can be reliably visualized on these high resolution
images. The distance between a point on this hypointense line and the outer boundary of the
hippocampus provides a measure of the thickness of the hippocampal allocortex at this point.
External and internal hippocampal landmarks are used to further subdivide the hippocampus
into SUB, CA1, CA1-2 transition zone, and CA3 dentate gyrus. To summarize the procedure
briefly: The marking starts on the first slice on which the head of the hippocampus is no longer
visible (cf. Fig. 1). On this slice, the hippocampal subfields [CA1-CA3, dentate (DG), SUB
and entorhinal cortex (EC) (ERC)] are marked manually. In addition, ERC is marked on the
two slices anterior to this starting slice and SUB and CA1-3, including DG are marked on the
two slices posterior to the starting slice. The most medial point of the temporal cortex is chosen
as the medial border of ERC and the medial end of the collateral sulcus is chosen as its lateral
border. The CA1/SUB border is determined by drawing a line perpendicular to the edge of
SUB touching the medial border of the hippocampus. The CA1/CA2 border is determined by
dividing the line along the longest diameter of the hippocampus by two and drawing a line
perpendicular to this line. A region supposedly representing mainly CA2 was marked in a
square-like manner, that is, its height at the CAL/CA2 boundary also determined its length,
while its overall shape was determined by the course of the outer boundary of the hippocampus
and the hypointense line representing myelinated tissue in the strata moleculare/lacunosum.
Using this definition, CA2 is influenced by the thickness of the medial dorsal part of CA1. To
reflect this, the region was named CA1-2 transition zone (CA1-2 transition) rather than CA2.
The remainder of the hippocampal formation consisting of CA3 and dentate gyrus is marked
as one region (CA3&DG). The ICV was calculated from the skull-stripped T2 image.

Statistical Analysis

After excluding the presence of left/right differences, the sum of left and right subfield volumes
were used for the analyses of the effects of aging, Apo E4, and AD on subfields. Multiple linear
regression analyses were used to test for group differences, age, or Apo E4 effects if
appropriate. Posthoc analyses were done with Duncan’s tests or Mann—Whitney tests (Apo e4
effect in AD and MCI). ICV in ccm was used as a covariate in all these analyses to account
for volumetric differences due to different head sizes. In the results section and in the graphical
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representation, subfield volumes are reported as dimensionless units normalized to the head
size using the following formula: volume,grm = volumeyg,, % 1,000/ICV in ccm.

RESULTS

Subfield Specific Effects of Age and Apo e4 on Cognitively Intact Subjects

A significant negative age effect was found for CA1 (B =—1.02, P < 0.0001) and CA3&DG
(B =-1.15, P <0.001). In the next step, the subjects were grouped into age decades (3rd-9th
decade) in order to test if CA1l, CA3&DG, and total hippocampus volume change
disproportionately over the age range (analysis of variance, Duncan posthoc tests, P < 0.05).
CAL1 volumes were stable until the 6th decade, after 60 yrs of age; CA1 volumes started getting
increasingly smaller. CA3&DG volumes stayed stable up to the 5th decade and then became
increasingly smaller (cf. Figs. 2a,b).

The analysis was repeated in the control population with known Apo e state and Apo e state
included in the model. There was significant effect for Apo e4 (B = 9.45, P = 0.042) on
CA3&DG, indicating that subjects without Apo e4 had larger CA3&DG volumes (146 + 24.1)
than subjects with Apo e4 (134.06 £ 25.1). Similarly as in the total population, there was also
asignificant effect for age on CA3&DG ( =—0.78, P =0.02); however, the interaction between
Apo e4 and age was not significant. CA1 volume was not influenced by Apo e4 carrier state
(P =0.81), but showed a significant age effect (p = —1.69; P = 0.0002) as in the previous
analysis (cf. Fig. 2c).

Subfield Specific Effects of AD and MCI and Their Modification by Age and Apo e4

AD and MCI were analyzed together with an age- and gender-matched group of 53 cognitively
intact controls. Multiple regression analysis showed significant effects for disease group
(defined as control, MCI, and AD) for SUB (P = 0.003), CA1 (P = 0.0001), and CA1-2
transition (P < 0.0001) but not for CA3&DG. There was again a significant negative effect of
age on CALl (P =0.0067) as in the previous analyses. Post-hoc analyses showed that AD had
significantly reduced SUB (94.9 + 31.4 vs. 119.2 + 23.96), CA1 (165.6 + 38.6 vs. 203.3 =
29.3), and CA1-2 transition volumes (8.5 £ 2.0 vs.12.1 + 3.3) compared to controls whereas
CA3&DG volumes were not different (137.1 + 29.9 vs. 141.0 + 26.2). In contrast, the atrophy
was more restricted in MCI who showed significant volume losses in CA1-2 transition (9.02
+1.64) compared to controls, but notin SUB (112.9 £ 23.4), CA1 (181.2 + 30.3), or CA3&DG
(140.9 £ 24.4). There were no significant differences between AD and MCI (cf. Fig. 2d).

The analysis was repeated in a subgroup with known Apo e4 carrier state (AD: Apo e4 pos/
neg: 10/5; MCI: Apo e4 pos/neg: 7/7: 7; Controls: Apo e4 pos/neg 14/24, Apo e4 neg: 24).
The results regarding group effect remained unchanged, that is, AD had smaller SUB, CA1,
CAZ1-2 transition volumes and MCI had smaller CA1-2 transition volumes than controls.
CA3&DG had asignificant age effect (B =—1.58, P =0.024) and Apo e4 effect (Apo e4 negative
B =15.7, P = 0.0031). Posthoc tests showed that AD with Apo e4 had smaller CA3&DG than
those without (124.8 + 26.8 vs. 159.0 £ 29.6) as did the group of elderly (60-85 yrs) controls
(127.0 £ 24.7 vs. 144.0 £ 24.8). MCI with the Apo e4 also had smaller CA3&DG than those
without (132.0 £ 12.5 vs. 141.9 £ 35.3); however, the difference was not significant (Figs.

2e,f).
DISCUSSION

The most important finding of this study was that in vivo subfield volumetry obtained using
high resolution MR images and a manual parcellation scheme was able to identify regional
selective effects of age and Apo e4 and AD on the hippocampus.
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Influence of Age and Apo e4 on Hippocampal Subfields

Consistent with the findings of a previous study from this laboratory (Mueller et al., 2007),
age was associated with volume loss in CA1. In addition to this, the current study also found
a significant age effect for CA3&DG. The analysis by decade suggests that both CA1 and
CA3&DG volumes remain relatively stable up to the 5th—6th decade, after which a continuous
volume loss begins. There are two possible explanations for the discrepant finding regarding
CA3&DG in the two studies. One is that compared to the current study, the sample size of the
previous study was considerably smaller (n = 42) and thus had not sufficient power to detect
the age effect on CA3&DG. The alternative explanation is that the two populations differ
regarding another, unknown factor influencing CA3&DG. For example, based on the findings
in the subgroup with known Apo e4 carrier state, it cannot be excluded that the distribution of
Apo e4 carriers in the current study is such that it favors a volume loss of CA3&DG with
increasing age (e.g., higher percentage of Apo e4 carriers in the group >50 yrs of age than in
group < 50 yrs).

The histopathological correlate of the age-related volume loss is not entirely clear. Gray matter
volume loss in neuroimaging studies is usually interpreted as neuron loss. Findings of autopsy
and animal studies regarding age-related neuron loss are controversial though. Although some
describe age-related loss of pyramidal neurons in CA1 and/or loss of granular cell loss in the
dentate (Driscoll et al., 2003) others find only mild, nonsignificant neuron loss even in the
oldest old (Keuker et al., 2000). However, there are other age-related structural changes
described in CA1 and dentate, for example, age-related loss of astrocytes and oligodendrocytes
(Hayakawa et al., 2007), loss of GABA-ergic interneurons (Shi et al., 2004), reduction of
dendritic complexity (Geinismann et al., 2004; Davies et al., 2003, von Bohlen et al., 2006),
and axonal degeneration (Ypsilanti et al., 2008) and so forth that are likely to contribute to the
age-related volume loss in CA1 and CA3&DG found in this study.

The findings of this study suggest a selective effect of Apo e4 on CA3&DG in healthy controls.
Apo e is a major lipid transporter of the brain that plays an important role in the regulation of
maintenance and repair processes and also has neuroprotective properties. It exists in three
isoforms, Apo e2, Apo e3, and Apo e4. Apo e4 is not only the least effective of the three, but
can even exert detrimental effects, for example, disrupt the neuronal cytoskeleton, enhance the
deposition of amyloid B or form neurotoxic fragments due to its inherent instability (Mahley
et al., 2006). CA3&DG contains the dentate gyrus that is characterized not only by a high
neuronal plasticity, but also by the capability of lifelong neurogenesis, that is, functions which
are likely to be negatively influenced by Apo e4. There is evidence that this is indeed the case.
Several studies in transgenic animals and also in autopsy studies in humans, for example, have
found that Apo e4 is associated with impaired repair mechanisms and reduced synaptic
plasticity in the dentate (Cambon et al., 2000; White et al., 2001; Ji et al., 2003). Furthermore,
Levi and Michaelson (2007) found that environmental enrichment, which enhances
neurogenesis in transgenic Apo e3 mice, is associated with increased apoptosis in transgenic
Apo ed mice. It is tempting to speculate that the CA3&DG volume loss observed in cognitively
intact Apo e4 carriers in this study reflects indeed the loss of synaptic connectivity/
neuroplasticity described in those histopathological studies. However, histopathological
correlation studies will be necessary to confirm this assumption.

Influence of AD on Hippocampal Subfields

Hippocampal volume loss in AD was characterized by volume loss in SUB, CAl, CA1-2
transition but spared CA3&DG. This finding is consistent with the distribution of hippocampal
neuron loss described in histopathological studies of AD (West et al., 2004, Zarow et al.,
2005). MCI had a similar distribution of subfield volume loss as AD; however, only the volume
loss in CA1-2 transition was severe enough to be significant. The mild, nonsignificant volume
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loss in SUB, CA1, CA3&DG is in good agreement with the mild, nonsignificant neuronal cell
described in a histopathological study of MCI by West et al. (2004). West et al. (2004) however
analyzed CA2 together with CA3 and described mild nonsignificant neuron loss in the CA2—
3 region that seems to contrast with the severe volume loss in CA1-2 transition found in this
study. However, significant neuron loss in CA2 with relative preserved neuron counts in CA3
has been described in AD (Fukutani et al., 2000; Zarow et al., 2005), and thus it cannot be
excluded that this discrepancy is simply due to the fact that neither study assessed CA2 alone
but combined it with a different neighboring subfield. Moreover, there is evidence from other
studies that pathological alterations in CA2 can indeed occur in the early, preclinical stages of
AD. Forexample, Ho etal. (2001) described that the expression of the proinflammatory protein
cyclooxygenase 2 is upregulated in CA2 and CA3 but not CAl in MCI, and Takayama et al.
(2002) demonstrated that the accumulation of neurofibrillary tangles starts in CA2 in a subset
of AD patients. Nonetheless, histopathological correlation studies will be necessary to confirm
that CA1-2 transition or the medial dorsal aspect of the hippocampus is indeed early affected
in MCI and to identify the histopathological correlate of this regional selective volume loss.

Similar to controls Apo e4 in AD was associated with a volume loss in CA3&DG, that is, the
only subfield not affected by the AD process. CA3&DG was also smaller in MCI with Apo e4
than in those without it but not significantly so, which is most likely due to the small sample
size of this group. None of the other subfields showed an Apo e4 effect. But again, the sample
size of the AD and MCI group was relatively small and thus it cannot be excluded that we
lacked the statistical power to differentiate between the strong AD effects active in CAl, CAl-
2, SUB and ERC, and the probably more subtle effect of Apo e4. The findings in this small
sample therefore have to be considered preliminary and have to be confirmed in a larger
population. Ultimately, histopathological correlation studies will be necessary to verify and
identify the histopathological correlate of the Apo e4 induced volume loss in CA3&DG in AD.
Studies in transgenic animals and autopsy studies in AD patients however already provide
some insight in potential underlying mechanisms of this finding. Jin et al. (2004), for example,
showed that similar to findings in cognitively intact Apo e4 carriers, Apo e4 is associated with
areduced dendritic spine density in the dentate of AD. In addition to this, there is also evidence
from studies in transgenic animals and autopsy studies of AD patients that AD is associated
with an increased neurogenesis in the dentate and appearance of new neurons in CAL, but that
these compensatory reactions are blunted by Apo e4 (Ji et al., 2003; Levi et al., 2007; Lopez-
Toledano and Shelanski, 2007). Any of these mechanisms or a combination thereof could
contribute to the selective CA3&DG volume loss observed in this study.

CONCLUSIONS

This study shows that hippocampal subfield volumetry provides potentially clinically useful
information, which cannot be obtained by total hippocampal volumetry that is currently
considered to be the gold standard in structural neuroimaging for the assessment of
hippocampal damage. Consequently, there has been quite some effort over the last years to
develop manual, semiautomated, and automated techniques for direct or indirect subfield
volumetry (Zeineh et al., 2001; Wang et al., 2003; Lin et al., 2005; Mueller et al., 2007; Sicotte
etal., 2008; Van Leemput et al., 2008; Yushkevich et al., 2009). Each of these methods has its
strengths and limitations. Manual methods usually relay on internal hippocampal structures
that are only visible on high resolution images acquired at higher field strength (3-7 T). The
labeling is time consuming and requires an experienced rater, which limits their usefulness for
large studies. Automated methods segment the hippocampus and then either warp the subject
image onto a hippocampal subfield atlas or probabilistic subfield model or use a shape analysis
approach to make inferences about subfield specific volume losses. Automated methods are
more sensitive toward physiological and pathological shape variants and intensity changes,
and more likely to be negatively influenced by suboptimal image quality than manual methods.
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If subfield volumetry, therefore, is to replace total hippocampal volumetry as the gold standard
for the assessment of hippocampal pathology in the future, it will be necessary to develop a
unified approach to evaluate the performance of the different methods for different clinical
questions and to define a unified subfield parcellation scheme, since there are currently as many
different parcellation schemes as there are labeling techniques.
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CA1-2 transition

FIGURE 1.

(a) Parcellation scheme used for manual marking of subfields. As it is not possible to identify
individual hippocampal layers at 4 T, the scheme was based on reliably recognizable
anatomical landmarks even though this resulted in a part of the prosubiculum and subiculum
proper being counted toward the CA1 sector. ERC, entorhinal cortex; CA1-2, CA1-CA2
transition zone (cf. methods in text); CA3&DG, CA3 and dentate gyrus. (b) Histological
preparation of hippocampal subfields, arrow, dentate gyrus. (c) Typical example of
hippocampal subfield markings. No. 1 is the most anterior slice, No. 5 the most posterior slice.
No. 3 is referred to in the text as “starting” slice. Red, ERC; green, subiculum; blue, CAL,;
yellow, CA1-2 transition; maroon, CA3&DG.
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(a) Age effect on CA1 in healthy controls. *, smaller (P < 0.05) compared to CA1 volume 3rd—
5th decade; (b) Age effect on CA3-dentate in healthy controls. *, smaller (P < 0.05) compared
to CA3&DG volume 3rd-4th decade. (c) Apo e4 effects in healthy controls (age range 22-85
yrs of age). Mean volumes and standard deviation (SD) of subjects without Apo e4 (bright
blue), dark blue bars, mean volumes and SD of subjects with at least one Apo e4 allele (dark
blue). *, smaller (P < 0.05) in Apo e4 carriers compared to hon-Apo e4 carriers. (d) Mean
volumes and SD of healthy, elderly controls (yellow), MCI (orange), and AD (red). *, smaller
(P < 0.05) compared to corresponding volume in controls. (e) Apo E4 effect in AD. Mean
volumes and SD of AD without Apo e4 (red) and with at least one Apo e4 allele (orange). *,
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smaller (P < 0.05) in Apo e4 carriers compared to non-Apo e4 carriers. (f) Apo E4 effect in

MCI. Mean volumes and SD of MCI without Apo e4 (yellow) and MCI with at least one Apo
e4 allele (bright yellow).
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