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II.  Thesis introduction, motivation and background

Digital medical imaging has been one of the revolutions in medicine of the last two
decades. Medical specialists currently have available a wide range of imaging
modalities that have raised the diagnostic quality and follow-up evaluation of many
pathologies.

Most medical images used in clinical practice are visually evaluated by the trained
physician in order to detect and characterize the presence of a particular pathology of
interest. While in most cases this procedure is assumed to obtain the best accuracy, it
has several imitations. First, the diagnostic performance is highly dependent on the
physician’s expertise. Second, the diagnostic product is generally categorical (i.e.
positive/negative/inconclusive) and descriptive, lacking a quantitative modeling of the
characteristics underlying a disorder. Finally, some image modalities cannot be directly
evaluated visually due to their technical nature (e.g. resting-state cerebral functional
magnetic resonance imaging), requiring image-derived quantitative indicators to be
properly assessed.

To overcome these limitations and given the increasing computational power of modern
technology, the automatic computation of quantitative indicators in medical images that
could complement the visual evaluation by the trained physician is emerging as an
important research area. Notably, the information from this type of indicators would be,
by definition, observer-independent and quantitative.

Therefore, for each medical scenario and image modality of interest, the challenge of
designing the best computational image-quantification strategy capable of obtaining
new indicators that could improve diagnostic accuracy, prognosis estimation or disease
understanding is clearly appealing to the medical community.

The possible incorporation of this type of indicators in healthcare centers would have
major advantages at several levels. At the clinical level, if the image-derived
quantitative indicators aided in the interpretation of complex radiological patterns by
providing relevant observer-independent diagnostic information, they would contribute
to a better overall diagnostic accuracy, especially in situations where there is limited
physician expertise on this task. At the management level, if the availability of such
indicators contributed to accelerate the determination of radiological conclusions, an
increase in diagnostic throughput would be obtained, thus providing significant
management and economic benefits to the health institution.



1.  Objectives

The main objective of this thesis is to provide scientific contributions to the field of
automatic medical image quantification for clinical or research applications. Among the
large number of medical imaging modalities and clinical contexts, this thesis will only
focus on the computation of quantitative indicators from the following image
modalities: FDG-PET scans (whole-body and cerebral), renal DMSA-scans, T1-
weighted magnetic resonance imaging (cerebral), and cerebral event-related functional
magnetic resonance imaging. Details about these image modalities are given throughout
this section.

The indicators computed from these images were designed to contribute to application-
specific scenarios in several medical domains, including tumor burden evaluation,
structural kidney damage quantification, neurodegenerative disease characterization and
drug-induced brain activation analysis.

In this section, each of these image quantification contexts is described and the original
research papers derived from them are mentioned, whereas the next section will
summarize its main results and discussions.

The first automatic image quantification scenario of this thesis was related to tumor
burden characterization in oncological whole-body FDG-PET scans. This type of scan
is a valuable nuclear medicine test where a whole-body image of the subject is obtained,
showing the uptake distribution of a glucose-analog radioactive tracer. The diagnostic
power of this imaging technique relies on the fact that elevated tracer uptake (a proxy
for high metabolic activity) in certain anatomical locations may indicate the presence of
a tumor.

In this first image analysis context, the main objective was to obtain a numerical
indicator from FDG-PET scans that was able to model underlying tumor properties (i.e.
volume, metabolic uptake and spread) in a quantitative and expert-independent manner

(Fig.1).
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Fig.1 First scenario: automatic computation of an efficient image-derived tumor burden indicator (TBI) in
whole-body FDG-PET scans to model quantitatively the spectrum of tumor states in the population. Red
arrows indicate the presence of tumor volume in that anatomical region.

From the technical point of view, a key step needed to automatically compute this type
of indicator is that a computer algorithm should be able to detect and segment the tumor



volume of any given whole-body FDG-PET scan. Given the substantial variability of
the human anatomy and physiological tracer uptake of the population in this context,
this poses per se a major computational problem.

Therefore, the first contribution (article [1]) sought to apply state-of-the-art machine
learning and computer vision algorithms to automatically detect and segment tumor
volume in this type of scans. Then, having the tumor volume segmented from the
images either by using automatic or expert-guided segmentation techniques, the
scenario of computing accurate numerical indicators that would be able to model the
underlying tumor characteristics was addressed in article [2]. Both of these works used
a cohort of breast cancer patients where novel quantitative indicators could contribute to
obtain image-derived prognostic indicators of the disease.

In the same image modality context but addressing a different clinical scenario, the
computation of quantitative indicators modeling the tumor response in time from a pair
of pre- and post- treatment FDG-PET scans was addressed; both at the technical and
clinical levels (articles [3] and [4]). In this case, a cohort of non-Hodgkin lymphoma
patients with a pair of time-consecutive FDG-PET scans was used to derive new
indicators to quantify the tumor progression or response.

The second image quantification context sought to detect and characterize structural
renal damage in DMSA scans. This type of scan is also a nuclear medicine image where
the radiotracer used shows the distribution of the DMSA molecule within the kidneys.
This distribution is of particular diagnostic interest since healthy kidney tissue would
tend to show high tracer uptake, whereas damaged kidney regions would show less or
no tracer uptake.

The automatic computation of numerical indicators in this type of image (Fig.2) led to
the contribution presented in article [5], where a pediatric cohort of patients with
structural kidney damage was used to obtain image-derived quantitative indicators of
the underlying renal pathology.
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Fig.2 Second scenario: automatic computation of an image-derived efficient structural renal damage indicator
(SRDI) in DMSA scans to model quantitatively the underlying pathology. Red arrows indicate structural renal
damage in those kidney areas.

The third image analysis scenario aimed to quantify the metabolic activity from
cerebral FDG-PET scans (described above) in a set of key brain areas related to
dementia such as the temporal lobe (Fig.3). In this case, the relationship between such
imaging indicators, the APOE genotype (the best-known genetic risk factor for
Alzheimer’s disease) and gender in healthy controls was investigated in article [6].
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Fig 3 Third scenario: automatic computation of an efficient temporal lobe metabolism indicator (TLMI) in
cerebral FDG-PET scans to model quantitatively the underlying pathophysiology of Alzheimer’s disease. Pink
arrows illustrate the metabolic activity of a region in the left temporal lobe.

The fourth and fifth image quantification contexts were performed on cerebral T1-
weighted magnetic resonance maging (MRI) scans. By applying a combination of
magnetic fields and radio frequency pulses to the brain, tissues with different properties
generate different signals that can be detected and processed, obtaining a structural
brain image where gray matter, white matter, and cerebrospinal fluid can be
distinguished.

The amount and distribution of gray matter in the brain is key to correct brain
functioning. An accurate measure of the integrity of gray matter within the cerebral
cortex (responsible for cognition and memory among other important functions) is
cortical thickness, defined by the distance between the white matter and pial surfaces.
For subcortical brain structures such as the basal ganglia, gray matter volume can be
computed by direct segmentation of the volumetric image.

Cortical atrophy (i.e. reduction of cortical thickness) is one of the hallmarks of
Alzheimer’s disease, whereas alterations in the gray matter volume of the basal ganglia
are associated with movement disorders (Fig. 4).

The work described in article [6] also addressed the quantification of cortical thickness
in key areas of the cerebral cortex to also analyze the influence of APOE and gender on
brain atrophy associated with the Alzheimer’s disease.

Quantification of gray matter volume in a specific region of the basal ganglia known as
the nucleus accumbens (a key node of the brain’s reward circuit) was performed in
Parkinson’s disease patients with apathy. This aimed to provide a neuroanatomical basis
for this behavioral manifestation, which plays an important role as a marker of disease
progression (article [7]).
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Fig. 4. Fifth scenario: automatic computation of a striatal gray matter volume indicator (SGMVI) in T1-MRI
images to model quantitatively the underlying pathophysiology of Parkinson’s disease. Red arrows illustrate
the gray matter volume of a portion of the left caudate nucleus.

The sixth and last image analysis scenario was related to the quantification of
functional magnetic resonance (fMRI) images. Neuronal activation requires energy, and
therefore the vascular system provides nutrients and oxygen to those neurons that have
increased activation. This regional change of the vascular content and flow in the
regions where there is a high neuronal activity can be detected using Blood-oxygen-
level dependent (BOLD) MRI signal.

By acquiring a set of BOLD fMRI images for a period of time, the brain activity during
specific events can be recorded. If a particular task is performed during the acquisition,
the activation of a particular brain region of interest related to that specific task can be
computed (Fig.5).

In article [8], cortical and hippocampal activation during a false memory rejection task
was quantified from the BOLD images in a set of cannabis users and healthy controls.
Areas of differential activation between groups were identified. Activity in these brain
regions were correlated with individual values of lifetime cannabis use. Results
identified novel memory impairments in users and increased our understanding of the
deleterious impact of cannabis on cognition.

fMRI images

Event-related cerebral activation
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Fig. 5. Sixth scenario: automatic computation of a task-related hippocampal activation indicator (TRHAI)
from event-related fMRI images to quantitatively model the possible memory alterations in cannabis users.
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IV. Summary of the contribution’s results and discussion

In this section, a brief summary of the main results and discussion of each of the works
introduced in the previous section is presented.

Automatic Tumor Volume Segmentation in Whole-Body PET/CT Scans: A
Supervised Learning Approach. F. Sampedro, S. Escalera, A. Domenech,l. Carrio. J.
Med. Imaging Health Inf. 5, 192-201,2015.

In this work the application-specific problem of automatic detection and segmentation
of tumor volume in whole-body FDG-PET/CT scans was addressed.

The visual inspection by the medical specialist of whole-body FDG-PET/CT scans is a
valuable diagnostic tool in oncological scenarios. Furthermore, the possibility of
quantifying a set of tumor properties (such as its total volume or metabolic uptake)
using expert-guided segmentation tools offers additional clinical value. However, this
expert-guided segmentation process is highly time-consuming and expert-dependent.
This work addressed the need to automate this task and proposed a computational
system to do so.

By applying state-of-the-art machine learning techniques (Multiscale-Stacked
Sequential Learning), an automatic FDG-PET tumor segmentation system was obtained.
Machine learning techniques are a type of artificial intelligence algorithms that learn
how to accomplish a particular task if they are provided with a set of training examples.
In this case, expert-guided tumor segmentations of 100 breast cancer FDG-PET scans
were used to let the system learn a set of segmentation rules.

The segmentation results of the automatic system achieved, at the pixel/voxel level, on
average 49% sensitivity, 99% specificity and 39% Jaccard Overlap Index (a measure of
comparison of automatic vs. expert-derived segmentation results). Furthermore, the
total tumor volume of the breast cancer scans was computed from both expert-guided
and automatic segmentation outputs, showing a correlation of 73%.

Conceptually, these results show that the obtained automatic segmentation system
successfully detected and segmented only very clear and reasonably-sized tumor regions
within the scans. They also suggest that even though the automatic segmentation
accuracy at the pixel-level may not be equivalent to that obtained by the manual
segmentation performed by a trained physician, at the global indicator level (such as the
whole body total tumor volume), the automatically-computed indicators would have
potential diagnostic value within the clinical environment.
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Obtaining quantitative global tumoral state indicators based on whole-body PET/CT
scans: a breast cancer case study. F.Sampedro, A. Domenech, S.Escalera. Nuclear
Medicine Communications 35(4),362-371, 2014.

In this work, the need to find a set of quantitative indicators derived from the image
analysis of whole body FDG-PET/CT scans aiming to model properly the global
oncological state of the patient was addressed.

A set of 100 breast cancer FDG-PET/CT scans were classified according to their global
oncological state following visual evaluation by a consensus of nuclear medicine
physicians. A set of quantitative indicators derived from the tumor segmentation of the
images was then computed, both using completely automatic and expert-guided
approaches. The performance of these indicators at modeling the patient’s underlying
oncological state as classified by the expert’s visual inspection was measured.

The performance results of the commonly used indicators in clinical practice including
whole-body metabolic tumor volume (WBMTYV), maximum/mean metabolic activity of
the tumor (SUVmax/SUVmean), and a combination of both (Total Lesion Glycolysis)
achieved performances ranging from 49% to 79% (in a measure of correlation with the
expert’s classification).

None of these indicators take into account the spread of the tumor across the patient’s
body (i.e. the number of anatomical structures where the tumor is present). This work
proposed to include that information into the computation of the indicators, obtaining
new indicators that improved performance from 80 to 87%. These results were obtained
using expert-guided tumor segmentations. Using a completely automatic approach, the
best performance result was 64%.

Taken together, this work contributed to show that image-derived FDG-PET global
quantitative indicators can prove useful in clinical nuclear medicine and oncological
scenarios. Furthermore, the incorporation of tumor spread measures in the computation
of such indicators improved its performance at modeling the underlying oncological
state. Finally, a substantial performance difference between the expert-guided and the
completely automatic computation of the indicators was observed, suggesting that there
is room for improvement in this research line.
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A computational framework for cancer response assessment based on oncological
PET-CT scans. F. Sampedro, S.Escalera, A.Domenech, I.Carrio. Computers in
Biology and Medicine 55, 92-99, 2014.

In the following two works, a different clinical scenario within the whole-body PET-CT
image analysis context was addressed: the quantification of oncological state changes
over time.

This first contribution focused exclusively on the design and implementation of a
computational framework aimed to correctly identify the most common clinical cancer
evolution scenarios (i.e. progression, partial response, total response, mixed response,
and relapse) from a pair of time consecutive PET-CT scans of the patient. This task,
visually performed by nuclear medicine physicians in clinical practice (suffering from
the common expert-dependence and qualitative diagnostic product limitations), poses a
challenging problem within a computational environment.

Performance results at predicting the cancer evolution scenario in a set of 100 non-
Hodgkin lymphoma (NHL) patients achieved up to 90% of accuracy when using expert-
guided image-derived tumor segmentations and 70% accuracy when using a completely
automatic approach. These results suggest that computing a set of image-derived
quantitative indicators of cancer dynamics is only reasonable if expert-derived tumor
segmentation information is available.

Deriving global quantitative tumor response parameters from 18F-FDG PET-CT
scans in patients with non-Hodgkin’s lymphoma. F.Sampedro, A.Domenech,
S.Escalera, I.Carrio. Nuclear Medicine Communications 36 (4), 328-333, 2015.

Based on the results of the previous study, this work focused on the actual computation
of image-derived quantitative indicators designed to model the magnitude of cancer
response or progression conditions.

A set of 89 pairs of time consecutive PET-CT scans presenting NHL were classified by
a consensus of nuclear medicine physicians into progressions, partial responses, mixed
responses, complete responses, and relapses. The cases of each group were ordered by
magnitude following visual analysis. Thereafter, a set of quantitative indicators
designed to model the cancer evolution magnitude within each group were computed
using expert-guided and automatic image-processing techniques. Performance
evaluation of the proposed indicators was measured by a correlation analysis with the
expert-based visual analysis.

The set of proposed indicators achieved the following correlation results in each group
with respect to the expert-based visual analysis: 80.2% in progressions, 77.1% in partial
responses, 68.3% in mixed responses, 88.5% in complete responses, and 100% in
relapses. In the progression and mixed response groups, the proposed indicators
outperformed the common indicators used in clinical practice (i.e. changes in WBMTYV,
SUVmax, SUVmean, and total lesion glycolysis) by more than 40%. These results were
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obtained using expert-guided tumor segmentations. In this scenario, the automatic
approach obtained very poor performance results (<30%).

These results show that the computation of global indicators of NHL response using
PET-CT imaging techniques offers a strong correlation with the associated expert-based
visual analysis, motivating the future incorporation of such quantitative and highly
observer-independent indicators in oncological decision making or treatment response
evaluation scenarios. However, a robust automatic approach to the computation of such
indicators is still to be obtained.

Computing quantitative indicators of structural renal damage in pediatric DMSA
scans. Rev Esp Med Nucl Imagen Mol, In Press, 2016.

The aim of this work was to propose, implement and validate a computational DMSA
quantification framework for the computation of image-derived indicators that seek to
model the underlying structural renal damage in a quantitative and observer-
independent manner.

With this objective in mind, a set of image-derived quantitative indicators based on the
relative lesion’s size, intensity and histogram distribution was computed from a set of
16 pediatric DMSA-positive scans and 16 matched controls, using both expert-guided
and automatic approaches. A correlation analysis was conducted to investigate the
association of these indicators with other clinical data of interest in this scenario,
including C-reactive protein (CRP), leukocyte count, vesicouretral reflux, fever, relative
perfusion, and the presence of renal sequelae in a 6-month follow-up DMSA scan.

A fully automatic lesion detection and segmentation system successfully classified
DMSA -positive scans from negative scans (AUC=0.92, sensitivity=81% and specificity
=94%). The image-computed relative lesion size correlated with the presence of fever
and CRP levels (p<0.05), and a measure derived from the histogram distribution of the
lesion gave significant performance results in detecting permanent renal damage
(AUC=0.86, sensitivity=100% and specificity=75%).

These results suggest that the proposal and implementation for the first time of a
computational framework to quantify structural renal damage from DMSA scans shows
promising potential to complement visual diagnosis and non-imaging indicators.
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APOE-by-sex interactions on brain structure and metabolism in healthy elderly
controls. Sampedro F, Vilaplana E, de Leon MJ, Alcolea D, Pegueroles J, Montal V,
Carmona-Iragui M, Sala I, Sanchez-Saudinos MB, Anton-Aguirre S, Morenas-
Rodriguez E, Camacho V, Falcon C, Pavia J, Ros D, Clarimon J, Blesa R, Lleo A,
Fortea J; Alzheimer’s Disease Neuroimaging Initiative. Oncotarget. 05 Sep
9;6(9):666-74.

In this work, the objective was to obtain image-derived quantitative indicators of
hypometabolism and atrophy in some key areas of the brain related to Alzheimer’s
disease (AD), and relate them to a set of well-known risk factors of the disease.

In particular, the computation of glucose uptake and cortical thickness indicators within
the brain’s temporal lobe in a particular population of interest was addressed in order to
understand a specific phenomenon observed at the clinical level related to the APOE4
genotype.

The APOE4 variant is the largest known genetic risk factor for late-onset sporadic AD.
Epidemiologically, it has been shown that the APOE4 effect on Alzheimer Disease risk
is stronger in women than in men. However, the underlying neural mechanisms of this
observation had not been established. In this study, the APOE-by-sex interaction on
brain metabolism, brain structure, and other indicators of interest such as cerebro-spinal
fluid (CSF) was addressed.

This analysis was conducted in a sample of 328 healthy elderly controls from the
Alzheimer’s Disease Neurolmaging initiative database. Focusing on the brain
metabolism and structure interaction results, sex stratification showed that female
APOEA4 carriers presented widespread brain hypometabolism and atrophy with respect
to non-carriers. In contrast, APOE4 male carriers showed only a small region of
hypometabolism and no atrophy with respect to non-carriers. This significant
hypometabolic and atrophy pattern difference was especially prominent in the temporal
lobe, a key brain region involved in AD (p<0.001).

These results suggest that the impact of APOE4 on brain metabolism and structure is
strongly modified by sex, providing a biologically plausible explanation to the clinical
observations. This finding should be taken into consideration in the interpretation of
image-derived metabolic indicators commonly used in the clinical management of AD.

Non-demented Parkinson’s disease patients with apathy show decreased grey matter
volume in key executive and reward-related nodes. Brain Imaging and Behavior, In
Press, 2016

In this work, the gray matter volume (GMV) quantification of a set of Parkinson’s
disease (PD) T1-MRI images contributed to understanding the neuroanatomical basis of
apathy in this disease.

For this purpose, two groups of 18 PD patients with available T1-MRI scans were
identified. Both groups were equivalent in terms of sociodemographic characteristics,
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disease stage and treatment type. The groups only differed in the manifestation of
apathy.

The quantification of GMV in cortical and subcortical structures showed that the
apathetic group had reduced GMV in the nucleus accumbens (p<0.005), a key node of
the brain’s reward circuit, possibly explaining the motivational deficit observed in
apathetic patients. Apathetic patients also had reduced GMV in regions involved in
executive functions such as the orbitofrontal cortex (p<0.005). Moreover, the patients’
GMYV at those regions correlated with their cognitive performance (p<0.001).

These results suggest apathy as a marker of more widespread brain degeneration in
Parkinson’s disease.

Telling true from false: Cannabis users show increased susceptibility to false
memories. J. Riba, M. Valle, F. Sampedro, A. Rodriguez-Pujadas, S. Martinez-Horta,
J. Kulisevsky, A.Rodriguez-Fornells. Molecular Psychiatry (2015) 20, 772-777.

In this work the computation of event-related brain activation indicators was addressed.
In particular, a group of 16 heavy cannabis users (which abstained from the drug at least
4 weeks prior to this study) and their matched controls performed a memory task within
a functional magnetic resonance imaging (fMRI) scan.

The task performed within the fMRI station implemented a well-established method, the
Deese-Roediger-McDermott paradigm, used to experimentally induce memory illusions
or “false memories”. In this task, “lure” stimuli have to be adequately identified and
rejected by the participant.

Notably, cannabis users performed significantly poorer than the controls in this task: the
number of incorrectly identified lure stimuli was higher in the cannabis-using group
(p<0.01).

In order to obtain the neural correlates of this observation, quantitative indicators of
brain activation during the task were computed in specific brain areas. Cannabis users
showed widespread cortical hypoactivation following lure stimuli rejection. The brain
areas involved were located in the frontal and parietal cortices and in the medial
temporal lobe in a region including the hippocampus. These areas are known to be
involved in executive control, attention and memory processes.

The fact that the hippocampal activation was significantly lower in the cannabis users
(p<0.001) indicate a possible memory alteration. Importantly, the hippocampal
activation in this group was inversely correlated with the lifetime amount of cannabis
used by the subjects (p<0.01), further supporting the association of the brain’s
hypoactivation and the drug use.

These findings suggest that cannabis users have an increased susceptibility to memory
distortions even when abstinent and drug-free, suggesting a long-lasting compromise of
memory and cognitive control mechanisms involved in reality monitoring.
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V. General conclusions and final remarks

This thesis presents a set of contributions to the field of automatic and quantitative
analysis of digital medical images in nuclear medicine and neuroradiology. This
expanding field aims to provide better diagnostic accuracy and help to detect subtle
anatomical, physiological or pathological changes in clinical groups that may contribute
to our understanding of disease etiologies.

On one hand, this work contributed to increasing the diagnostic potential of breast
cancer and non-Hodgkin lymphoma FDG-PET scans through the design and
computation of a set of novel image-derived quantitative indicators of tumor burden. In
addition, quantitative analysis of pediatric DMSA scans helped to develop new
indicators of structural renal damage.

On the other hand, the application-specific quantification of cerebral FDG-PET and T1-
MRI scans contributed to the understanding of the pathogenesis of Alzheimer’s and
Parkinson’s diseases, whereas the quantification of event-related fMRI images
identified a novel memory deficit associated to cannabis use.

Taken together, these contributions illustrate the potential value of the design and
implementation of ad-hoc automated quantification strategies of medical images. The
availability of new imaging modalities sparks the search for optimal image-derived
quantitative indicators that model each particular clinical context of interest. Such
indicators can be used either to complement visual diagnosis or to aid in the
comprehensive characterization of the underlying pathology.
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ABSTRACT

Background: The APOE effect on Alzheimer Disease (AD) risk is stronger in
women than in men but its mechanisms have not been established. We assessed the
APOE-by-sex interaction on core CSF biomarkers, brain metabolism and structure in
healthy elderly control individuals (HC).

Methods: Cross-sectional study. HC from the Alzheimer’s Disease Neuroimaging
Initiative with available CSF (n = 274) and/or 3T-MRI (n = 168) and/or a FDG-
PET analyses (n = 328) were selected. CSF amyloid-8,_,, (AB,_,,), total-tau (t-tau)
and phospho-tau (p-tau,,, ) levels were measured by Luminex assays. We analyzed
the APOE-by-sex interaction on the CSF biomarkers in an analysis of covariance
(ANCOVA). FDG uptake was analyzed by SPM8 and cortical thickness (CTh) was
measured by FreeSurfer. FDG and CTh difference maps were derived from interaction
and group analyses.

Results: APOE4 carriers had lower CSF AB,_,, and higher CSF p-tau,,, values
than non-carriers, but there was no APOE-by-sex interaction on CSF biomarkers. The
APOE-by-sex interaction on brain metabolism and brain structure was significant.
Sex stratification showed that female APOE4 carriers presented widespread brain
hypometabolism and cortical thinning compared to female non-carriers whereas male
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APOE4 carriers showed only a small cluster of hypometabolism and regions of cortical
thickening compared to male non-carriers.

Conclusions: The impact of APOE4 on brain metabolism and structure is modified
by sex. Female APOE4 carriers show greater hypometabolism and atrophy than
male carriers. This APOE-by-sex interaction should be considered in clinical trials in
preclinical AD where APOE4 status is a selection criterion.

INTRODUCTION

The apolipoprotein E (APOE) genotype is the
strongest genetic risk factor for Alzheimer’s disease
(AD) [1]. It has three isoforms, €2, €3 and €4. The APOE
e4 allele (APOE4) increases the risk for AD [2]. The
effect of the APOE4 allele on AD biomarkers in healthy
controls (HC) has been widely studied [3], [4]. APOE4
carriers have consistently lower cerebrospinal fluid (CSF)
B-amyloid 1-42 (AB, ) levels than non-carriers, but the
differences in tau levels are more controversial [5]-[7].
Most, [8]-[10] but not all [18F]-fluorodeoxyglucose
(FDQG) PET studies [11]-[13] have shown hypometabolism
in AD-related regions in APOE4 carriers in late-middle
age [8] and even earlier [10]. A gene-dosage effect on
the hypometabolism has also been reported [9]. The
relationship between the APOE genotype and brain
structure is more controversial. Many cross-sectional
studies have reported cortical thinning or hippocampal
atrophy, [3], [4], [14] while several others have found no
relationship [15] and two have reported increased gray
matter in relation to the APOE4 allele [16], [17].

Several factors might account for the conflicting
results. First, the age-range differences between
studies are critical because distinct effects of APOE
across the lifespan have been described [18]. Not all
brain changes associated with the APOE genotype
reflect incipient AD. APOE has been implicated in
normal human brain development [19]. Second, there
are amyloid dependent [20] and independent [21]
mechanisms underlying the APOE influences on AD
risk. However, most studies assessing the role of APOE
on brain structure and metabolism do not assess AD
pathophysiological biomarkers to disentangle these
mechanisms. Third, APOE4 is likely to interact with
other pathological factors, complicating the isolation
of a unique genetic effect [4]. And fourth, some of the
inconsistent imaging and biochemical findings related
to APOE in HC might result from neglecting a possible
APOE-by-sex interaction [6]. Most studies to date have
included sex as a covariate in the analyses but they did
not explicitly test for an APOE-by-sex interaction.

The finding that the APOE effect on AD risk is
stronger in women than in men was reported in early
studies, [22], [23] confirmed in meta-analyses, [23], [24]
and in a recent longitudinal study [6]. However, only
two studies have assessed APOE-by-sex interactions

on AD biomarkers. Altmann et al found a significant
interaction for tau in mild cognitive impairment
patients [6]. Damoiseaux et al reported a significant
APOE-by-sex interaction for CSF tau levels and default
mode network abnormalities in healthy controls [25].

The interaction between 4POE4 and sex on brain
structure and metabolism has not been established. This
interaction could affect the design and interpretation
of prevention trials in preclinical AD in which
APOE is a selection criterion (i.e. the Alzheimer’s
Prevention Initiative APOE4 Trial, NIH project number
1UF1AG046150-01). The aim of the present study was to
examine the interactions between APOE4 and sex on brain
metabolism and structure, based on the hypothesis that the
APOE4 allele exerts a differential adverse effect on brain
metabolism and structure depending on sex.

RESULTS

Demographic and clinical of the participants
in the CSF, FDG and MRI subsets are summarized
separately in the Table 1. CSF was available in 274 HC
individuals, 328 had an FDG PET, 225 had a 3T MRI,
and 137 subjects had all three biomarkers. There were
no significant differences between the MRI, PET and
CSF subsets in age, sex, APOE status, MMSE or CSF
biomarkers. There were no significant differences in age,
APOE status, MMSE or CSF biomarkers between males
and females in all three subsets. In the FDG and CSF
subsets, males had higher years of education than females
(» <0.001), but in the MRI subset this difference did not
reach significance.

APOEA4 carriers had lower CSF AB,  values than
non-carriers in all three subsets (p < 0.001). APOE4
carriers had higher CSF p-tau, values in the three
subsets, but these only reached significance in the FDG and
CSF subset which had larger sample sizes (p < 0.001 and
p = 0.004 respectively). APOE4 carriers had higher CSF
t-tau values in the three subsets, but these only reached
significance in the CSF subset (p < 0.05). There were
no significant differences in MMSE scores or education
between APOE4 carriers compared to non-carriers in
any of the subsets. There were no significant differences
between males and females in CSF biomarkers. Neither
was there an APOE-by-sex interaction on CSF AB ,, CSF
t-tau or CSF p—taulglpvalues in the analysis of covariance
(ANCOVA) analyses.
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Table 1: Demographic, cerebrospinal fluid and clinical data in the CSF, FDG-PET and MRI

Alzheimer’s Disease Neuroimage Initiative subsets.

MRI (N = 168) FDG-PET (N = 328) CSF (N =274)
APOE4N (%) 50 (29.76%) 87 (26.5%) 71 (25.9%)
AGE 73.4 (6.02) 74.5 (5.57) 74.4 (5.97)
SEX (% Females) 53.6% 49.4% 50.4%
MMSE 29.1 (1.07) 29.0 (1.24) 29.1 (1.15)
YEARS OF EDUCATION 16.6 (2.55) 16.3 (2.77) 16.3 (2.69)
AB, ¥ TOTAL 200.7 (49.92) 201.4 (52.46) 200.6 (52.51)
APOE4— 211.3* (46.32) 213.5% (46.87) 212.1* (47.81)
APOE4+ 175.4* (49.58) 165.2* (51.85) 167.9% (51.87)
p-tau | *** TOTAL 32.4 (16.41) 30.78 (18.14) 30.48 (17.97)
APOE4— 31.3 (16.68) 28.3% (15.31) 28.2* (15.23)
APOE4+ 35.0 (15.62) 38.1% (23.38) 36.9%(23.10)
t-tau*** TOTAL 66.0 (31.88) 68.9 (34.57) 68.4 (32.12)
APOE4— 65.1 (32.60) 67.0 (34.84) 66.0%* (30.29)
APOE4+ 68.2 (30.34) 74.5 (33.41) 75.1%* (36.22)

APOE4+ = apolipoprotein E €4 allele carrier, APOE— = apolipoprotein E &4 allele non-carrier
Values are expressed as mean (standard deviation) unless specified.

‘equals p < 0.001 and

“equals p < 0.05 for the APOE4 carriers vs non-carriers comparison within each subset. Note that 137 subjects were

included in the three subsets.

**CSF data only available in 146 subjects in the MRI subset and 242 subjects in the PET subset.

APOE-by-sex interaction on brain metabolism

Fig. 1A presents this FDG voxel-wise interaction
analysis across the cerebral hemispheres, showing voxels
with an APOE-by-sex interaction, covaried by age and
years of education (p < 0.005, k& = 50). Two clusters
emerged, one located mainly in the anterior cingulate
region and the other in the temporal region. To analyze the
directionality, we isolated the temporal cluster, averaged
the FDG uptake, and plotted it in box and whisker plots
(Fig. 1B). As shown, this interaction was driven by the
decreased metabolism in female APOE4 carriers and
the increased metabolism in male APOE4 carriers. The
main and interactive effects of APOE4 status and sex
on brain metabolism in the ANCOVA analysis were
significant in the model (interaction term between APOE4
status and sex: B-coefficient = 0.069, standard error
[SE] = 0.021, p = 0.001; main effect of APOE4 status:
B-coefficient =—-0.037, SE = 0.016, p = 0.019; main effect
of sex: B-coefficient = —0.041, SE = 0.018, p = 0.026).
Similar results were found for the anterior cingulate
cluster (not shown).

Fig. 2 shows the sex stratified APOE4 group
analyses for FDG, covaried by age and years of education.
Female APOFE4 carriers showed widespread clusters

of decreased metabolism (p < 0.005) across the whole
cerebral cortex in both hemispheres with respect to APOE4
non-carriers (Fig. 2A). Male APOE4 carriers showed an
isolated cluster of decreased metabolism (p < 0.005) in the
precuneus with respect to non-carriers (Fig. 2B).

To examine the impact of CSF biomarkers in the
APOE-by-sex interaction on brain metabolism, we
included CSF AB _,, and CSF p-tau, - as covariates in
the analyses. The inclusion of the CSF biomarkers did
not significantly alter the results of the 4POE-by-sex
interaction analysis (not shown) nor the female APOE4
carriers vs non-carriers comparison (Fig. 3A1-3A3). In
the male APOE4 carriers vs non-carriers comparison
two clusters of increased metabolism emerged in APOE4
carriers with respect to male non-carriers in prefrontal
regions and a cluster in the medial temporal region when
CSF AB,_,, levels or both AB, , and CSF p-tau, . levels
(but not CSF p-tau,, levels alone, Fig. 3 B2) were
included as a covariate (Fig. 3B1 and 3B3).

APOE-by-sex interaction on brain structure

Fig. 4A presents the vertex-wise interaction
analysis across the whole cortical mantle, covaried
by age and years of education, showing voxels with
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Figure 1: FDG APOE-by-sex interaction analysis. A. Areas in which there is a FDG-uptake interaction between sex and the
APOEA4 status (p < 0.005 uncorrected) co-varied for age and years of education displayed across the medial and frontal views of the cerebral
cortex. B. Box and whisker plot illustrating individual FDG-uptake values in the temporal cluster. For each plot, the central black lines show
the median value, the regions above and below the black line show the upper and lower quartiles, respectively, and the whiskers extend
to the minimum and maximum values. As illustrated, the female APOE4 carriers showed decreased metabolism in the temporal cortex
with respect to female non-carriers. FDG = fluorodeoxyglucose; APOE = apolipoprotein E, APOE4+ = apolipoprotein E &4 allele carriers,
APOE4— = apolipoprotein E €4 allele non-carriers.

Figure 2: Sex-stratified FDG analyses. Analysis between APOE4 carriers and APOE4 non-carriers (p < 0.005 uncorrected) in
A. females and B. males, co-varied for age and years of education across the lateral and medial views of the cerebral cortex. As shown,
female APOE4 carriers showed widespread clusters of decreased metabolism with respect to female APOE4 non-carriers (Fig. 2A),
whereas male APOE4 carriers only showed an isolated cluster of decreased metabolism (p < 0.005) in the precuneus with respect to male
non-carriers (Fig. 2B). FDG = fluorodeoxyglucose; APOE4 = apolipoprotein E &4 allele.
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Figure 3: Sex-stratified FDG analyses with CSF biomarker levels included as a covariate. Row 1. CSF A __ levels; Row 2.
CSF p-tau,g levels; Row 3 CSF AB,_, and p-tau, levels. The analysis between female APOFE4 carriers and female APOE4 non-carriers
A1-A3. showed several clusters of decreased metabolism (p < 0.005 uncorrected) co-varied for age. As illustrated, female APOE4 carriers
showed decreased metabolism in the anterior cingulate cortex with respect to female non-carriers after the inclusion of the CSF biomarkers
as a covariate. The analysis between male APOE4 carriers and male APOE4 non-carriers B1-B3. showed several clusters of increased
metabolism (p < 0.005 uncorrected) co-varied for age. As illustrated, male APOE4 carriers showed increased metabolism in several clusters
in the dorsolateral prefrontal cortex with respect to male APOE4 non-carriers after the inclusion of CSF AB_,, levels or both CSF AB,
and CSF p-tau,,, asa covariate (B1 and B3), but not after the inclusion of the CSF p-tau, levels alone (B2). FDG = fluorodeoxyglucose;

APOE = apolipoprotein E, APOE4: apolipoprotein E &4 allele

an APOE-by-sex interaction. Two large clusters status and sex: B-coefficient = —0.228, SE = 0.045,
(Family-wise error corrected [FWE] p < 0.05) emerged, p < 0.001; main effect of sex: B-coefficient = 0.149,
one in the dorsolateral frontal region and one in the SE = 0.039, p < 0.001; main effect of APOE4 status:
temporoparietal region. To analyze the directionality, B-coefficient = 0.062, SE = 0.030, p = 0.041). Similar
we then isolated the temporoparietal cluster, averaged results were found for the remaining cluster (not shown).
the cortical thickness (CTh), and plotted it in a box and Fig. 5 shows the sex-stratified APOE4 CTh
whisker plot (Fig. 4B). As shown, this interaction was analyses, covaried by age and years of education. Male
mainly driven by the increased CTh in male APOE4 APOE4 carriers showed 3 large clusters (FWE corrected)
carriers. The main effects and the interactive effects of of increased CTh with respect to non-carriers. Two of
APOE4 status and sex in the ANCOVA analysis were the clusters were observed in the left hemisphere, one
significant in the model (interaction term between APOE4 in the dorsolateral frontal region and another in the
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Figure 4: CTh APOE-by-Sex interaction analysis. A. Family-wise corrected (p < 0.05) clusters with an interaction between sex
and the dichotomized APOE4 genotype co-varied for age and years of education displayed across the lateral and posterior views of the
cerebral cortex. B. Box and whisker plot illustrating individual CTh values in the temporo-parietal and occipital cluster. For each plot,
the central black lines show the median value, regions above and below the black line show the upper and lower quartiles, respectively,
and the whiskers extend to the minimum and maximum values. As illustrated, male APOE4 carriers showed increased CTh in the

temporo-parietal and occipital cluster. CTh = cortical thickness; APOE = apolipoprotein E, APOE4+ = apolipoprotein E &4 allele carriers,
APOE4— = apolipoprotein E &4 allele non-carriers.

Figure 5: Sex-stratified CTh analyses. Analysis between male 4POE4 carriers and male APOE4 non-carriers, co-varied for age and
years of education. As shown, male APOE4 carriers presented large clusters of increased CTh (FWE p < 0.05) in temporo-parieto-occipital
regions, mainly in the left hemisphere. The analysis between female APOE4 carriers and female APOE4 non-carriers showed clusters of

decreased CTh which did not survive FWE correction (not shown). CTh = cortical thickness; APOE = apolipoprotein E; FWE = family-
wise error corrected (p < 0.05).
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temporoparietal, occipital and precuneus regions. The
third cluster was observed in the right hemisphere in the
parietal and occipital regions. Female APOE4 carriers
showed cortical thinning in several regions than female
APOE4 non-carriers (not shown as this analysis did not
survive FWE correction).

To examine the influence of CSF biomarkers on
the APOE-by-sex interaction on brain structure, we
included CSF AB,_,, and CSF p-tau, as covariates in
the analyses. The vertex-wise APOE-by-sex interaction
analysis across the whole cortical mantle showed a
reduction in the significance maps when including CSF
biomarkers as covariates, especially AB,_, (Fig. 6). In
the sex-stratified APOE4 CTh analyses, the clusters of
increased CTh in male APOFE4 carriers disappeared when
CSF AB,_, levels (but not CSF p-tau,, levels) were
included as a covariate (Fig. 7). No result survived FWE
correction in females.

All analyses were repeated excluding APOE &2
allele carriers and including CSF t-tau as a covariate.
We also restricted the analyses to non-hispanic white
subjects (not shown). The results were not significantly
altered in any case.

DISCUSSION

This study shows for the first time that the impact of
the APOE4 genotype on brain structure and metabolism
is modified by sex. We found a significant 4POE-by-sex
interaction on brain metabolism and structure. Female
APOE4 carriers showed brain hypometabolism and
cortical thinning with respect to female non-carriers
whereas male APOE4 carriers showed only a small cluster
of hypometabolism and cortical thickening with respect
to male non-carriers. CSF core AD biomarkers had an
influence on brain structural results (and to a lesser extent
on brain metabolism).

Epidemiologically, there is strong evidence that
supports the APOE-by-sex interaction [6], [11], [23].
The only study assessing the APOE-by-sex interactions
on MRI demonstrated the interaction on resting state
functional connectivity but not on gray matter volume
[25]. Our results expand these findings. We show an
APOE-by-sex interaction on both brain structure and
metabolism. The discrepancy on brain structure could be
due to the differences in the subject population or technical
differences (CTh analyses vs voxel-based morphometry
[26]). Our FDG results are congruent with those of the
aforementioned resting state functional connectivity
analyses. APOE appears to affect brain network activity
which is closely related to neuroenergetic functions [27].

Our metabolic findings suggest that women are
metabolically more susceptible to the APOE4 genotype.
Neglecting a possible APOE-by-sex interaction on brain
metabolism could be one of the reasons for the discordant
FDG results [8]-[13]. Male APOE4 carriers showed

increased CTh and females decreased CTh. The finding
of cortical thickening in AD vulnerable areas in middle
aged (48-75 years old) APOE4 carriers with respect to
non-carriers has already been described [16], [17], but
it is in contrast with other works assessing older cohorts
(31, [4], [14], [15].

The discrepancies on brain structure might be
conciliated if we consider a 2-phase phenomenon model
in preclinical AD [28]. In this framework, pathological
cortical thickening associated with low CSF AR, ,, would
be followed by atrophy once CSF p-tau, becomes
abnormal [28]. Accordingly, our study shows that the
clusters of increased CTh in male APOFE4 carriers
disappear when we included CSF AB,_,, as a covariate.
The hypometabolism in female APOE4 carriers did
not disappear when CSF AB, _,, levels were included as
a covariate. The APOE4 genotype might therefore exert
its effects on brain glucose metabolism—at least in part—
independently of amyloidogenic pathways [29]. Of note,
the inclusion of CSF A3, levels as a covariate prompted
the emergence of several areas of increased metabolism
in male APOE4 carriers. Increased brain metabolism
in relation to brain amyloidosis has been previously
described [30].

Altogether, our findings support that the
mechanisms underlying the increased AD risk in female
APOE4 carriers might occur downstream of A3 pathology
[6]. The APOE4 effect on lowering CSF A, . levels is
marked in both men and women (with no sex differences)
and was also found in our work [6], [25]. The impact
of an APOE-by-sex interaction on CSF has only been
assessed twice and, as in the present work, always with
data from the ADNI study. The absence of an APOE-
by-sex interaction on CSF AB,_,, levels is in agreement
with the two previous works [6], [25]. The impact on CSF
p-tau, levels is less clear. We did not find an APOE-
by-sex interaction on CSF p-tau, —levels. Such an
interaction was reported initially [25] in HC but was
not confirmed in the later work with a larger sample
size [6]. Nonetheless, this last work did find the
interaction for CSF p-tau,, ~levels in mild cognitive
impairment patients. Women, moreover, would be
more susceptible and would present more abnormal
neuronal injury biomarkers [25] and faster clinical
decline [6]. Accordingly, female APOE4 carriers showed
hypometabolism and cortical thinning with respect to
non-carriers, suggesting that female APOE4 carriers
might be more advanced in the aforementioned 2-phase
phenomenon model in preclinical AD [28].

The mechanisms by which the APOE allele modifies
the risk for AD have been extensively studied but are not
completely understood. Both 3-amyloid-dependent [20]
and B-amyloid-independent [21] mechanisms have
been described. APOE appears to affect brain network
activity and neuroenergetic functions [27] and to
increase microglia reactivity at AP plaques in mouse
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Figure 6: CTh APOE-by-Sex interaction analysis with CSF biomarker levels included as covariates. Family-wise corrected
(p <0.05) clusters with an interaction between sex and the dichotomized 4POE4 genotype co-varied for age and: A. CSF AB,_, levels;
B. CSF p-tau, levels; C. CSF AB, ,, and p-tau ., levels. As illustrated, the inclusion of CSF AB, , levels as a covariate significantly
diminished the clusters showing a CTh APOE-by-sex interaction. CTh = cortical thickness; APOE = apolipoprotein E.

Figure 7: Sex stratified CTh analyses with CSF biomarker levels included as a covariate. The analysis between male
APOEA4 carriers and male APOE4 non-carriers showed several clusters of increased CTh (p < 0.005 uncorrected) co-varied for age and CSF
p-tau ¢, levels. There were no significant clusters of increased CTh male APOE4 carriers vs male APOE4 non-carriers after the inclusion
of CSF AR, ,, levels as a covariate. CTh = cortical thickness; APOE = apolipoprotein E.
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models [31], [32]. These metabolic and inflammatory
responses in relation to the APOE genotype might differ in
males and females, accounting for the differences found.

This work has potential clinical implications.
Clinical trials in preclinical AD in which APOFE4 status
is a selection criterion are underway (Alzheimer’s
Prevention Initiative APOE4 Trial, NIH project number
1UF1AG046150-01). Our results emphasize the
importance of sex stratification when considering the AD
risk and its impact on AD topographical biomarkers [33]
conferred by the APOE genotype. More broadly, the
present work stresses the need to consider interactions
between biomarkers and risk factors in the AD preclinical
phase [28].

The strengths of this study are the inclusion of a
relatively high number of subjects and the fact that the
results were found in two different topographical AD
biomarkers, [34] with congruent findings between the
two. The study has some limitations. It is cross-sectional
and the age-range sampled does not include young HC
to assess the age-range in which amyloid is starting to
deposit in the brain of APOE4 carriers [35].

In conclusion, the impact of APOE4 on brain
structure and metabolism is modified by sex in HC. This
interaction should be considered in current clinical trials
in preclinical AD in which 4POE4 status is a selection
criterion.

MATERIALS AND METHODS

Study participants and clinical classification

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (http://adni.loni.usc.edu). The
ADNI was launched in 2003 by the National Institute
on Aging (NIA), the National Institute of Biomedical
Imaging and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical companies
and non-profit organizations, as a $60 million, 5-year
public-private partnership. The primary goal of ADNI has
been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other
biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression
of mild cognitive impairment (MCI) and early AD.
Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and
clinicians to develop new treatments and monitor their
effectiveness, as well as lessen the time and cost of
clinical trials.

The Principal Investigator of this initiative is
Michael W. Weiner, MD, VA Medical Center and
University of California — San Francisco. ADNI is the
result of efforts of many co-investigators from a broad

range of academic institutions and private corporations,
and subjects have been recruited from over 50 sites
across the U.S. and Canada. The initial goal of ADNI was
to recruit 800 subjects but ADNI has been followed by
ADNI-GO and ADNI-2. To date these three protocols have
recruited over 1500 adults, ages 55 to 90, to participate
in the research, consisting of cognitively normal older
individuals (HC), people with early or late MCI, and
people with early AD. The follow up duration of each
group is specified in the protocols for ADNI-1, ADNI-2
and ADNI-GO. Subjects originally recruited for ADNI-1
and ADNI-GO had the option to be followed in ADNI-2.
For up-to-date information, see http://www.adni-info.org.

We included all HC with available CSF and/or
a 3T-MRI and/or an FDG PET.

CSF analyses

ADNI procedure

Methods for CSF acquisition and biomarker
measurement using the ADNI cohort have been reported
previously [36]. AB,_, total tau (t-tau) and phospho-tau
(p-taump) levels were measured using the multiplex xXMAP
Luminex platform (Luminex) with Innogenetics (INNO-
BIA AlzBio3) immunoassay kit—based reagents.

MRI and FDG-PET imaging procedures

ADNI acquisition procedure

The details of MRI and FDG-PET acquisition are
available elsewhere (http://www.adni-info.org).

FDG-PET processing procedure

FDG-PET images were downloaded in the most
processed format. They were intensity-scaled by the
reference pons-vermis region [37], spatially normalized
using SPM8 [http://www.fil.ion.ucl.ac.uk/spm/] to the
Montreal Neurological Institute (MNI) PET template
and spatially smoothed with a Gaussian kernel of full
width at half-maximum (FWHM) of 8 mm. All resulting
images were visually inspected to check for possible
registration errors. Voxel-wise results were displayed at
p <0.005 (uncorrected) using an extent threshold £ = 50,
and projected on an inflated single-subject cortical surface
reconstruction.

Cortical thickness processing procedure

Cortical reconstruction of the structural images
was performed with the FreeSurfer software package,
version 5.1 (http://surfer.nmr.mgh.harvard.edu). The
procedures have been fully described elsewhere [38].
Estimated surfaces were inspected to detect errors in the
automatic segmentation procedure. Fifty-seven of the
225 N3 processed MRI analyzed were excluded because
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of segmentation errors and 168 were included in the
analyses. A Gaussian kernel of 15 mm full-width at half
maximum was applied. To avoid false positives, we tested
Monte Carlo simulation with 10,000 repeats in Qdec
(family-wise error [FWE], p < 0.05). Only regions that
survived FWE are presented in the figures.

Statistical methods

Group analyses were made using SPSS (SPSS
Inc, Chicago, IL). Comparisons between groups were
performed using the two-tailed Student ¢ test for
continuous variables and a chi-square test for categorical
variables.

The main objective of our work was to study the
APOE-by-sex interaction on brain metabolism and brain
structure. Two approaches were used: interaction and
sex-stratified analyses. We carried out an ANCOVA as
implemented in SPM and FreeSurfer for the PET and
MRI analyses, respectively, using the APOE genotype
(APOEA4 carrier vs APOE4 non-carrier) and sex as binary
categorical independent variables, and age and years
of education as variables of no interest to assess the
interaction.

To examine the impact of CSF biomarkers on
the FDG PET and CTh analyses, we introduced CSF
biomarkers as covariates in the analyses. All analyses were
repeated excluding APOE? carriers and restricting to only
non-hispanic white subjects.

Clusters derived from the interaction analyses in
FDG or CTh were isolated to analyze the directionality
of the interactive effects for each variable within an
ANCOVA model, using age as a covariate. Specifically,
we used the following model for FDG-PET and MRI:

Mean cluster FDG uptake (or mean cluster CTh)
=4a,+ 4 *SEX + 4 *4POE + 4 *[SEX*APOE] + age

The same ANCOVA approach was used for the CSF
analyses to test for an interactive effect of APOE genotype
and sex in CSF biomarker levels.
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Telling true from false: cannabis users show increased

susceptibility to false memories

J Riba"?3, M Valle>**"", F Sampedro®'", A Rodriguez-Pujadas’, S Martinez-Horta® J Kulisevsky®” and A Rodriguez-Fornells

8,9,10

Previous studies on the neurocognitive impact of cannabis use have found working and declarative memory deficits that tend to
normalize with abstinence. An unexplored aspect of cognitive function in chronic cannabis users is the ability to distinguish
between veridical and illusory memories, a crucial aspect of reality monitoring that relies on adequate memory function and
cognitive control. Using functional magnetic resonance imaging, we show that abstinent cannabis users have an increased
susceptibility to false memories, failing to identify lure stimuli as events that never occurred. In addition to impaired performance,
cannabis users display reduced activation in areas associated with memory processing within the lateral and medial temporal
lobe (MTL), and in parietal and frontal brain regions involved in attention and performance monitoring. Furthermore, cannabis
consumption was inversely correlated with MTL activity, suggesting that the drug is especially detrimental to the episodic aspects
of memory. These findings indicate that cannabis users have an increased susceptibility to memory distortions even when
abstinent and drug-free, suggesting a long-lasting compromise of memory and cognitive control mechanisms involved in

reality monitoring.

Molecular Psychiatry (2015) 20, 772-777; doi:10.1038/mp.2015.36; published online 31 March 2015

INTRODUCTION

Cannabis is the most widely used recreational drug worldwide
after alcohol and tobacco.'” Despite changing attitudes in the
perceived risks associated with this substance and decriminaliza-
tion initiatives taking place in many US states and countries,'* the
health implications of long-term cannabis consumption are still a
matter of concern.” Regular use of cannabis has been associated
with adverse health consequences, including psychiatric and
neurocognitive disorders. Besides the more immediate risk of
developing cannabis dependence,” other mental disorders, such
as anxiety, depression or psychosis,®” and cognitive impairment
have also been described.® One recent study involving over a
thousand individuals found that chronic cannabis use is asso-
ciated with cognitive decline, with greater deterioration being
observed in those individuals presenting a more persistent use.’
Among the various cognitive domains studied, memory is one of
the most frequently identified as being negatively affected by
cannabis.® ™"

Impaired working and declarative memory are well-known
aspects of acute intoxication.'? Cannabis preparations and delta-
9-tetrahydrocannabinol, its main active principle, acutely deterio-
rate the ability to retain information for short periods of time,®'3
and impair episodic memory and verbal recall."'® A characteristic
of cannabis consumption is that residual effects can linger for days
after the most recent use.'® Typically, these deleterious effects
gradually wear off and memory processes normalize after several

weeks of abstinence.'®'” However, some studies in heavy cannabis
users have observed impairment persisting even months after the
last consumption.”'® In addition to impaired performance, imaging
studies in chronic cannabis users have found structural brain
alterations in the hippocampus, a key area in the memory
processing network. Notably, decreases in hippocampal volume
showed an association with the amount of cannabis used.'®%°
These structural changes may be long-lasting, as volume reduc-
tions can persist even after abstinence of 6 months.'®

An unknown aspect of long-term cannabis use is its potential to
disrupt memory and reality monitoring mechanisms that normally
allow us to distinguish between veridical and illusory events.
Avoiding memory distortions may be extremely relevant in certain
contexts such as the courtroom and forensic examination, and in a
more general context this ability provides us with an adequate
sense of reality that guides future behavior based on past
experiences. Memories of events that never occurred, or false
memories, can be found in neurological and psychiatric condi-
tions. They have been described in post-traumatic stress disorder,
psychosis, dissociative disorders and in cases of confabulation or
‘honest lying’ associated with confessions of uncommitted crimes,
among others.>' However, in a more subtle form, false memories
are also a common occurrence in everyday life in healthy
individuals®? and show an increase with age.* Susceptibility to
this phenomenon probably has a neural basis, as it has been
linked to individual differences in white matter microstructure.>*
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False memories can be induced in laboratory conditions using
experimental procedures such as the Deese-Roediger-McDermott
paradigm.? In this task, participants study a list of words that are
later presented together with semantically unrelated new words
and semantically related new words (lures).> Lures induce the
illusion of a false memory where participants mistakenly claim that
the new stimulus has been encountered previously. The correct
identification of lures as previously unseen stimuli is more
cognitively demanding than that of unrelated novel stimuli, the
former leading to greater activation of medial temporal lobe
(MTL), parietal and frontal brain regions.26 In the present study we
tested susceptibility to false memories in a group of abstinent
heavy cannabis users and their matched controls using the Deese-
Roediger-McDermott paradigm in association with functional
magnetic resonance imaging (fMRI; see online methods).

MATERIALS AND METHODS
Ethics

The study was approved by the Ethics Committee of Sant Pau Hospital and
all participants gave their written consent to participate.

Participants

We recruited a group of 16 heavy cannabis users not seeking or having a
history of treatment for their cannabis consumption. We defined heavy
cannabis use as daily use for at least the last 2 years. The recruited sample
had never been diagnosed with a psychiatric or neurological condition
including alcohol or other drug abuse. Cannabis users were matched to a
cannabis-naive ( < 50 occasions of cannabis use in their lifetime) group of
healthy controls, free of psychiatric or neurological conditions. Fourteen
controls had used cannabis < 10 times and only two had used it between
10 and 50 times. To rule out a history of psychiatric and neurological
disorders, users and controls were interviewed by a clinical psychologist.
The two groups were matched taking into account the following socio-
demographic variables: sex, age, years of education, verbal intelligence
and fluid intelligence. Verbal intelligence was assessed using a Spanish
version of the NART,?” known as TAP-Test de Acentuacién de Palabras’
(‘word accentuation test).?® Fluid intelligence was assessed using a
computerized version of the Matrix Reasoning from the Wechsler Adult
Intelligence Scale-IIl.>° Detailed socio-demographic data for each group is
provided as Supplementary information.

Cannabis users had taken the drug an average of around 42000 times
(range: 4 000-246 375) times. The average number of years of use was 21 (3-
39). The average number of daily cannabis cigarettes smoked was 5 (1-24)
and the average age of initial use was 17 (12-20) years. We did not exclude
tobacco smokers from the study and they were not instructed to abstain
from tobacco during the study. Ten participants in the cannabis group and
four in the control group were currently using tobacco. Participants
abstained from cannabis use for at least 4 weeks prior to testing. Urine
samples were taken during the 4-week period and immediately before the
experimental session. All participants tested negative for cannabis, alcohol,
benzodiazepines, amphetamines, opiates and cocaine on their day of
participation.

Memory paradigm

The memory paradigm consisted in a modified version of the Deese-
Roediger-McDermott paradigm® and included a study phase and a testing
phase (see Supplementary information). Both phases were conducted with
the participant in the MRI scanner. Stimuli were presented using goggles
and behavioral responses were recorded by button press using a magnet-
compatible response pad.

The study phase comprised 20 lists of four words. Prior to the
presentation of the four words comprising a list, the name of that list
was announced on the screen. Of the 20 lists, fifteen comprised four
semantically related Spanish words and the other 5 lists comprised 3
semantically related words plus a catch word. Catch words were
semantically unrelated to the list announced and were used to control
for the participant’s attention during the task. A total of 80 stimuli were
presented during the study phase: 75 legitimate words plus 5 catch words.
Participants were requested to indicate by button press whether the
presented word belonged to the announced list. The order of presentation

© 2015 Macmillan Publishers Limited
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of the 20 word lists was randomized between participants. The study
phase lasted 11 min.

Approximately 15 min after completion of the study phase, the test
phase was conducted and lasted 14 min. Participants were presented with
the 75 legitimate words shown during the study phase plus 40
semantically unrelated new words and 40 semantically related new words
(lures, see stimuli tables in the Supplementary information file). Stimuli
were presented in semi-random order with the restriction that the same
type of stimulus (old, new or lure) was not presented more than twice in
succession. We used a rapid presentation event-related design. Stimulus
duration was 500 ms. The stimulus onset asynchrony was on average
5.125s and it was jittered between 4's and 10s. The order and timing of
events were optimized using the Optseq2 software (http://surfer.nmr.mgh.
harvard.edu/optseq/). Participants were required to judge whether a word
had been presented in the study phase and make an old vs new decision
by button press. The task had the following outcomes: (1) a studied word
was correctly classified as old or ‘hit’ (true memory recognition); (2) a
studied word was incorrectly classified as new or ‘miss’; (3) a non-studied
word was correctly classified as new or ‘correct rejection of new word’; (4) a
non-studied word was incorrectly classified as old or ‘false alarm’; (5) a lure
was correctly classified as new or ‘false memory rejection’; and (6) a lure
was incorrectly classified as old or ‘false recognition’.

Functional magnetic imaging protocol

Data were acquired in a 3-Tesla Siemens Magnetom Trio Scanner.
Structural images of the brain were obtained by means of a T1-weighted
MPRAGE sequence: 256 x 256 matrix; 240 1-mm sagittal slices. Functional
images were obtained using an echo-planar-imaging sequence. The pulse-
sequence parameters were as follows: time to repeat=2000 ms; time to
echo=29 ms; flip angle=280° matrix=128 % 128; slice thickness=4 mm.
Each volume comprised 36 transversal slices (2 x 2 x4 mm voxel). A total of
412 volumes were acquired during the test phase.

Preprocessing of imaging data

fMRI data were analyzed using the SPM8 software. Raw echo-planar-
imaging images were slice time and motion corrected. Echo-planar-
imaging images were then co-registered to each individual’s structural T1
image. T1 images were normalized to the T1 Montreal Neurologic Institute
template and the obtained parameters were used to transform the echo-
planar-imaging images into Montreal Neurologic Institute space. Normal-
ized images were subjected to high-pass temporal filtering (128s or
0.008 Hz) and to spatial smoothing using an 8 mm Gaussian filter.

Statistical analysis

A first-level analysis was performed for each individual using a design
matrix that included the following predictors: ‘hit’, ‘miss’, ‘correct rejection
of new word’, ‘false alarm’, ‘false memory rejection’, ‘false recognition’.
Motion correction parameters and the temporal and hemodynamic
response function dispersion derivatives were introduced in the model
as covariates. The contrast of interest ‘false memory rejection’ > ‘correct
rejection of new word’ was calculated for each participant.

The second level analysis involved a between-groups (cannabis and
controls) comparison using an independent-samples t-test for the ‘false
memory rejection’>‘correct rejection of new word’ contrast. Both the
controls > cannabis and cannabis > controls contrasts were calculated. We
considered clusters to be significantly different between groups for P-values
< 0.001 uncorrected and a spatial extension of 10 contiguous voxels.

To assess for correlations between activation values and drug-use
variables, mean fMRI parameter values for the different statistically
significant clusters (region of interest) were calculated for each individual.
The voxels included in the calculations for each cluster were those showing
P-values < 0.001 uncorrected.

RESULTS

Behavior

The analysis of behavioral data obtained in the study phase did
not detect differences between groups regarding their degree of
attention. Thus, the number of correctly identified catch trials,
expressed as meanzs.d., was 4.00+0.63 for the controls and
4.18£0.75 for the cannabis users t(30)=-0.76, P>0.1.
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The analysis of behavioral data in the test phase showed no
differences between groups in the number of correctly recognized
studied words (true memory recognition; mean +s.d.: cannabis
users, 64+ 6; controls, 65+ 6; t(30)=0.4, P>0.1) or in the number
of correctly rejected new words (correct rejection of new words:
cannabis users, 37 +3; controls, 39+0.7; t(30)=1.9, P=0.076). No
differences were found either in the time (in milliseconds) taken to
correctly recognize studied words (cannabis users, 1185+199;
controls, 1089+ 195; t(30)=-1.36, P>0.1), or to correctly reject
new words (cannabis users, 1200+ 345; controls, 1043+ 196;
t(30)=—1.58, P>0.1). However, as shown in Figure 1, cannabis
users showed significantly more false memories. A two-way
analysis of variance, with outcome (false recognition vs false
memory rejection) as within-subjects factor and participant group
(cannabis vs controls) as between-subject factors, showed a
significant interaction (F(1,30)=5.60, P=0.025). Lure words were
falsely recognized as studied words more often (false recognition;
cannabis users, 12 £6; controls, 8 +4; t(30)=—2.24, P=0.033), and
were rejected less often (false memory rejection; cannabis users,
27 +6; controls, 32 +4; t(30)=2.46, P=0.021).

fMRI

Imaging data were analyzed specifically looking for differences
between groups in the pattern of blood oxygenation level
dependent (BOLD) response associated with the correct rejection
of lures or false memory rejection as compared with the correct
rejection of new words. Figure 2 shows the mentioned contrast
separately for each of the two participant groups. Note the larger
extension and lower P-values of active voxels in the control group.

Figure 3 and Table 1 show the results of the between-groups
comparison. Control participants showed higher activation for the
contrast false memory rejection > correct rejection of new words
in parietal, prefrontal, temporal and subcortical structures. All
these structures have previously been found to be involved in the
correct identification of false relative to new semantic stimuli.?®
Greater behavioral efficacy in the control group was thus
associated with greater brain activity for the rejection of lures
than for the rejection of new unrelated words.

Correlation analysis

To look for potential associations between the pattern of brain
activation and history of cannabis use, we defined regions of
interest for each of the statistically significant areas identified in
the between-groups comparison. The parameters (beta values)
associated with false memory rejection in each region of interest
were extracted only for the cannabis group, and their values were
correlated with drug-use data: lifetime cannabis consumption,
years of use and amount of cannabis used daily. As shown in
Figure 4, a significant negative correlation (r=-0.806, r?=0.650,
P <0.001) was found between activity in the MTL regions of
interest and lifetime cannabis use (log value of the estimated
number of cannabis cigarettes smoked).

DISCUSSION

Our results show that cannabis users had a higher susceptibility to
memory illusions, as observed in certain neurologic and psychiat-
ric populations,®’ and elderly individuals.® They further identify
the functional substrate of this deficit in the hypoactivation of a
series of spatially distributed brain regions participating in the
network involved in semantic>® and episodic®’ retrieval. The
network identified fits nicely with previous studies that have
shown that compared with new items, recognition of false stimuli
leads to greater activation of the hippocampus and the
parahippocampal gyrus, and also of the left parietal and left
dorsolateral prefrontal cortices in healthy subjects.*® Although
activation of MTL structures in these tasks can be directly

Molecular Psychiatry (2015), 772-777

False memories

40 -
[ Controls
M cannabis
30 4
§
s
P
E
3
4
=0.033
10 - ‘
o 4
False recognition False memory rejection
Figure 1. Behavioral data. The graphs show performance results in

the memory task. Cannabis users performed significantly worse than
controls, showing increased false recognition and decreased false
memory rejection. Error bars denote one s.d. of mean.

associated with memory,®? the parietal cortex can be linked to
attentional processes and the dorsolateral prefrontal cortex to
monitoring issues in this context.?® It has been shown that the
effective rejection of lures leads to greater activation of the
dorsolateral prefrontal cortex** and lesions at this level lead to
increased false recognition in neurological patients.>> Thus, rather
than a compromise of memory structures per se (that is, the
hippocampus), our results point to a more diffuse impairment,
which leads to a reduced capacity to deal with the retrieval and
monitoring demands needed to differentiate between illusory and
real events.

From a theoretical perspective, two main accounts have been
put forward to explain the false memory phenomenon: the fuzzy
trace theory and the activation-monitoring account. The fuzzy
trace theory postulates that stimuli are encoded into two types
of memory traces: a ‘verbatim’ trace containing specific details
and features associated with the stimulus, and a ‘gist’ trace that
contains more general aspects of the encoding event. False
memories occur when new stimuli share certain features with past
events and elicit the retrieval of the gist trace, but not the verbatim
trace.®® In contrast, the activation-monitoring account®” postulates
that cognitive control mechanisms need to be engaged to
correctly identify and reject the highly activated lures. According
to this view, false memories occur when monitoring mechanisms
fail to identify the non-studied but semantically related lures.

Our findings can be interpreted in the light of the two accounts
described above. The between-groups comparison of fMRI
activation maps showed activity not only in distributed brain
areas participating in semantic® and episodic®' retrieval, but also
in cognitive control, as suggested by the significant dorsolateral
prefrontal clusters identified.®3° The greater activation found for
the control group in the medial and lateral temporal cortices
suggests access to both the semantic (lateral) and episodic
(medial) features of the studied stimuli. Using the terminology of
the fuzzy trace account, controls would take advantage of both
the verbatim and gist traces when deciding to reject a false
memory. On the contrary, the inverse correlation found between
lifetime cannabis use and the BOLD response in the MTL suggests
that chronic exposure to cannabis may be especially detrimental
to the brain structure providing the episodic or gist features to
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Rendering of fMRI results for each participant group. The statistical maps show the results of the voxel-wise comparison ‘false

memory rejection’ > ‘correct rejection of new word’ For depiction purposes results are shown at P=0.01.
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Group differences between controls and cannabis users. The images show the results of the voxel-wise independent-samples t-test

controls > cannabis users for the contrast ‘false memory rejection’ > ‘correct rejection of new word’ The brain regions depicted showed
significantly higher activation in the control group as compared with the cannabis using group at P=0.001 uncorrected. No significant results
were obtained for the contrast cannabis users > controls. For depiction purposes results are shown at P=0.005.

stored information. Cannabis users may have been left more
dependent on the verbatim features of stimuli to decide whether
a given word was a legitimate memory or not. Paradoxically, the
greater activation of gist-related information in the control group
compared with the cannabis group might have made them more
vulnerable to false memories. Concurrent retrieval of item-based
(verbatim) and context-based (gist) information in the control
group might elicit conflict and require the engagement of
cognitive control mechanisms, explaining the increased frontal
activation observed in the controls. Thus, a more efficient conflict-
or activation-monitoring, as signaled by increased dorsolateral

© 2015 Macmillan Publishers Limited

prefrontal activity, may have led to the final outcome of better
performance in the control group.

Further evidence of MTL and prefrontal impairment by cannabis
is provided by magnetic resonance spectroscopy studies. Using
this technique, researchers have found detrimental neurometa-
bolic changes in these brain areas. For instance, Silveri and
colleagues have reported decreased myo-inositol/creatine levels
in the MTL and thalamus of users.***' Hermann et al.** have found
reduced N-acetyl-aspartate/total creatine ratios in the dorsolateral
prefrontal of recreational users, and Cowan et al.** have found
analogous decreases in Brodmann area 45 in the inferior frontal
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Table 1. Areas of increased BOLD response in controls relative to cannabis users for the contrast: ‘false memory rejection’ > ‘correct rejection of new
word’

Brain region Lateralization BA MNI (%, y, z) Maximum t n voxels
Temporal cortex Right 22 60, — 34, 2 5.14 64
Dorsolateral prefrontal Left 9 -52,16, 34 5.06 76
Red nucleus/thalamus Left - -6,-18,-2 4.76 24
Parietal cortex Left 40 -56, —32, 42 4.66 71
Parietal cortex Right 40 60, — 26, 28 4.03 15
Caudate Left - -14,12,10 3.90 20
Medial temporal lobe Left 35/28 -22,-22,-16 3.87 17
Precuneus Right 7 10, - 70, 32 3.82 23

Abbreviations: BA, Brodmann area; BOLD, blood oxygenation level dependent; MNI, coordinates in Montreal Neurological Institute stereotactic space; t, t-value

(df =30).
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Figure 4. Correlation between MTL activity and cannabis exposure.

The scatter plot shows the relationship between the individual
statistical parameters in the MTL (beta values) associated with the
‘false memory rejection’ condition and lifetime cannabis use (log of
estimated total number of cannabis cigarettes).

gyrus. Considering that analogous neurometabolic changes can
be observed in older individuals** and that reality monitoring
deficits increase with age,*® we speculate that chronic cannabis
use could aggravate the memory deficits associated with the
normal ageing process.

Our findings extend previous knowledge on the impact of
cannabis use on memory'? and executive function? Although
there are contradictory results regarding the normalization of
memory in the long term,”'%'® impairment has been associated
with the intensity of cannabis use, with heavy users showing
deficits in various memory functions.*® Interestingly, many
neuroimaging studies implementing simple memory tasks have
failed to find differences in performance between heavy cannabis
users and controls.'? Our findings suggest that impairment may
be more subtle and affect more complex cognitive processes, like
those involved in the Deese-Roediger-McDermott paradigm.

A limitation of our study is the potential presence of residual
THC levels in the brain in the absence of detectable levels in other
biological matrices (in our case, urine). Whereas most studies in
humans consider that cognitive testing after a 4-week period will
assess the long-term effects of cannabis rather than its residual
effects,® a longer persistence of THC in the brain has also been
observed.*” Thus, although unlikely, the presence of small
amounts of THC in the body cannot be entirely ruled out.

Taken together, the present results indicate that long-term
heavy cannabis users are at an increased risk of experiencing
memory errors even when abstinent and drug-free. These deficits
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show a neural basis and suggest a subtle compromise of brain
mechanisms involved in reality monitoring. Though subtle, the
deficits found bear similarities with alterations observed in
psychiatric and neurologic conditions and also with age-related
cognitive decline. This lingering diminished ability to tell true from
false may have medical, and legal implications. Future studies
should address these issues and assess whether the deficits found
here extend to other forms of memory distortion and reality
monitoring beyond the false memory phenomenon.
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