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Abstract

Amyloid-f plaques (Ap) are a hallmark of Alzheimer's disease (AD), begin deposition decades
before the incipient disease, and are thought to be associated with neuronal loss, brain atrophy and
cognitive impairment. We examine associations between 11C-PiB-PET measurement of Ap
burden and brain volume changes in the preceding years in 57 non-demented individuals (age
64-86; M = 78.7). Participants were prospectively followed through the Baltimore Longitudinal
Study of Aging, with up to 10 consecutive MRI scans (M = 8.1) and an 11C-PiB scan
approximately 10 years after the initial MRI. Linear mixed effects models were used to determine
whether mean cortical 11C-PiB distribution volume ratios, estimated by fitting a reference tissue
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model to the measured time activity curves, were associated with longitudinal regional brain
volume changes of the whole brain, ventricular CSF, frontal, temporal, parietal, and occipital
white and gray matter, the hippocampus, orbito-frontal cortex, and the precuneus. Despite
significant longitudinal declines in the volumes of all investigated regions (p < 0.05), no
associations were detected between current Ap burden and regional brain volume decline
trajectories in the preceding years, nor did the regional volume trajectories differ between those
with highest and lowest AB burden. Consistent with a threshold model of disease, our findings
suggest that Ap load does not seem to affect brain volume changes in individuals without

dementia.
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Introduction

Alzheimer's disease (AD) is characterized by neuropathological changes (Alzheimer, 1906,
1907; Braak and Braak, 1991, 1998) in combination with clinicopathological features, and
represents the culmination of a process that evolves over decades (Godbolt et al., 2004; Thal
and Braak, 2005; Torack, 1979; Troncoso et al., 1998). The definitive diagnosis of AD still
requires post-mortem confirmation of neuropathological hallmarks — amyloid-p plaques
(AB) and neurofibrillary tangles.

The preeminent explanation of AD pathogenesis, the ‘amyloid cascade theory’, suggests that
AP is at the root of neurodegeneration, subsequent brain atrophy, cognitive impairment and
ultimately dementia (Hardy and Selkoe, 2002.). It has become evident, through prospective
longitudinal studies with autopsy data, that neuropathological changes precede
neurodegeneration, atrophy, and clinical symptoms by perhaps decades (Bennett et al., 2006;
Price and Morris, 1999), with clinical impairments becoming detectable much later after
substantial neurodegeneration has taken place (Morris and Price, 2001).

The advent of radiotracers for amyloid imaging (Mintun, 2005; Nordberg, 2008) presents an
opportunity to investigate prospective changes in amyloid deposition in vivo. The best
validated of these radiotracers to date is the PET ligand known as Pittsburgh Compound B
(11C-PiB; {N-methyl-11C} 2-(4'-methylaminophenyl)-6-hydroxybenzothiazole). 11C-PiB
detects almost a two-fold increase in tracer retention in AD cases compared to non-
demented older individuals (Klunk et al., 2004), has a topographical distribution (Rowe et
al., 2007) that parallels autopsy findings (Braak and Braak, 1991), shows promise in
discriminating individuals with mild cognitive impairment (MCI) who progress versus those
who remain stable, and provides some utility for differential diagnosis of dementia,
particularly AD from frontotemporal (Ng et al., 2007).

Brain atrophy, presumably a direct result of neurodegeneration, is a fundamental, although
not a specific, feature of AD and has been extensively characterized antemortem by
magnetic resonance imaging (MRI; Kantarci and Jack, 2004). Recently we reported that
over a 10-year interval those with mild cognitive impairment (MCI) show accelerated
changes in the volumes of the whole brain, ventricular cerebrospinal fluid, temporal gray
matter, and orbito-frontal and temporal association cortices, including the hippocampus,
compared to older, non-demented individuals (Driscoll et al., 2009). Accelerated change
associated with MCI was detected against a background of widespread age-related regional
volume loss, suggesting that cognitive impairment is associated with a unique pattern of
structural vulnerability.
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In the present report, we investigate whether amyloid burden, measured by 11C-PiB, is
associated with rates of brain atrophy in the preceding years. Based on our structural
findings (Driscoll et al., 2009), we predict that the same regions that distinguish between
non-demented and those with cognitive impairment, such as frontal and temporal association
cortices for example, will exhibit steeper volume declines in association with higher 11C-
PiB burden.

The sample consists of 57 non-demented, highly educated, community-dwelling individuals
(M (age)=78.7+6.2; age range 64-86; 90% Caucasian), who were prospectively followed
through the neuroimaging (NI) sub-study of the Baltimore Longitudinal Study of Aging
(BLSA; Resnick et al., 2000). They were ascertained from the initial 61 BLSA-NI
participants consecutively assessed with [11C]PiB from June 2005-March 2007, after
excluding two participants with clinical stroke, one with a brain injury and one unable to
tolerate MRI. The 57 individuals were representative of the entire BLSA-NI with respect to
baseline age, sex, race, and education. All participants were in generally good health at
enrollment, with exclusionary criteria encompassing CNS disease, severe cardiovascular
disease, severe pulmonary disease, or metastatic cancer. Sample characteristics are presented
in Table 1. All studies were approved by the local institutional review boards, and all
participants gave written informed consent prior to each assessment.

Participants received up to 10 annual MRI scans (M=8.07+0.83). 11C-PiB images were
acquired approximately 11 years after the initial MRI. Although MRI scans were also
obtained concurrent with 11C-PiB imaging, the volumetric analyses are restricted to the first
10 years of available MR data due to changes in hardware, with an average interval between
last MR and PiB scan of 2.9 years. The MRIs obtained concurrently with PiB-PET were
used only for region of interest (ROI) definition in quantifying regional PiB retention.
Participants also received routine neuropsychological and neurological exams. Interval
medical history, medication review, and a structured informant and subject interview are
documented at each visit (Driscoll et al., 2006; Kawas et al., 2003).

Cogpnitive status was determined based on standardized consensus diagnostic procedures for
the BLSA (Driscoll et al, 2006), whereby MCI diagnosis requires a progressive impairment
in one or more cognitive domains without functional loss in activities of daily living
(Petersen and Morris, 2005). Although all participants were non-demented, six had a score
of 0.5 on the Clinical Dementia Rating (CDR) Scale (Morris, 1993). The CDR Scale,
typically informant-based, was administered both in conjunction with the 11C-PiB imaging
and previously if participants scored 3 or greater on the Blessed-Information-Memory-
Concentration test (Blessed et al., 1968).

MRI Acquisition—Scanning was performed on a GE Signa 1.5 Tesla scanner (Milwaukee,
WI1) using a high-resolution volumetric spoiled-grass (SPGR) axial series (TR =35 ms, TE
=5ms, FOV =24 cm, flip angle = 45°, matrix = 256x256, NEX = 1, voxel dimensions 0.94
% 0.94 x 1.5mm).

MRI Image Analysis—Image processing procedures have been previously described in
detail and validated (Davatzikos et al., 2001; Driscoll et al., 2009; Goldszal et al., 1998;
Resnick et al., 2003;). Briefly, images are corrected for head tilt and rotation, and
reformatted parallel to the anterior-posterior commissure plane. Extracranial tissue is
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removed using a semi-automated procedure followed by manual editing. Next, images are
segmented into white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF). The
final step involves stereotaxic normalization and tissue quantitation for specific regions of
interest with a template-based deformation approach. An ICBM standard MRI (Montreal
Neurologic Institute) serves as the template and a hierarchical elastic matching algorithm is
used for deformation and determination of volumes of interest (Shen and Davatzikos, 2002).
All images are normalized individually to the same template. VVoxel-based analysis utilizes
the RAVENS approach (Goldszal et al., 1998), whereby local values of tissue density maps
(for GM, WM, and CSF) reflect the amount of respective tissue in the vicinity of a voxel.
Tissue densities are mathematical quantities measuring local tissue volumes and do not
reflect any microstructural physical density of brain tissue.

PET Acquisition—Dynamic 11C-PiB PET images were acquired on a GE Advance
scanner in 3-dimensional mode with 37 time frames (90 min) obtained at rest. PET scanning
immediately followed an intravenous bolus injection of a mean (SD) 14.5 (0.9) mCi [11C]
PiB with a mean (SD) specific activity of 5.7 (3.1; range 0.98 - 14.62) Ci/umol. Participants
were fitted with a thermoplastic mask to minimize motion during scanning. Two-
dimensional transmission scans were used for attenuation correction of the emission scans.
Dynamic images were reconstructed using filtered backprojection with a ramp filter (image
size, 128 x 128; pixel size, 2 x 2 mm; slice thickness, 4.25 mm) with a spatial resolution of
about 4.50-mm full width at half maximum at the center of the field of view.

MRI-based ROI Definition for PiB-PET—MRI scans acquired concurrently or closest
in time to the 11C-PiB PET scan were used for region of interest (ROI) definition. MR scans
used for volumetric analyses were exclusively obtained on the 1.5 T GE Signa scanner,
while MRI scans for ROI definition used either the SPGR volumetric scans from the 1.5 T
GE Signa or a comparable T1-weighted volumetric imaging protocol on a Philips 1.5 T
scanner, which replaced the GE scanner in 2006. Volumetric scans were co-registered to the
mean of the first 20-min dynamic PET images for each participant using the mutual
information method in the Statistical Parametric Mapping software (SPM2; Wellcome
Department of Cognitive Neurology). ROIs were drawn manually on the co-registered MR
images (Price et al., 2005). Cerebellum served as a reference region. The parametric images
of distribution volume ratio (DVR) and Ry (=K1/K(reference tissue), the target to reference
tissue ratio of tracer transport rate constant from vascular space to tissue) were generated by
using a simplified reference tissue model and linear regression with spatial constraint
algorithm (Zhou et al., 2003, 2007). The ROl DVRs were obtained by applying ROIs to the
DVR images. The mean cortical DVR was calculated by averaging DVR values from
orbitofrontal, prefrontal, superior frontal, parietal, lateral temporal, occipital, and anterior
and posterior cingulate regions (Villemagne et al., 2008). For voxelwise analysis, parametric
images of DVR were spatially normalized using SPM2 with an R, template generated in our
previous study (Zhou et al., 2007).

Statistical Analyses

We employed linear mixed models, which estimated cross-sectional and longitudinal effects
simultaneously to investigate the association between amyloid burden, measured by mean
cortical DVR, and longitudinal changes in select regional brain volumes. The models are fit
using PROC MIXED in SAS v9.1 (SAS Institute Inc.; Cary, NC). Brain volume data were
longitudinal, with annual measurements from 1994 through 2003. PiB was measured once,
obtained between year 2005 and 2006.
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We used regional brain volumes as dependent measures. Stability measures for volumes
across follow-ups indicated that measurements generally were consistent over time. Only
regions with stability measures above 0.85 were included in analyses (Driscoll et al., 2009).
Independent variables include ICV, baseline age (age at which first brain measurements
were taken), sex, interval (years since the first brain measurements were taken) and mean
DVR score. Fixed effects include all the predictors listed above and sex*interval, baseline
age*interval, PiB*interval. All continuous predictors, except interval, are centered around
their means, and effect coding was used for sex. This kind of parameterization allows us to
look at longitudinal volumetric changes after adjusting for all other covariates; and the effect
of mean DVR on these longitudinal changes at the same time. Random effects include
intercept and interval, which means we allow the intercepts and rates of change to vary
among individuals.

To investigate the possibility that associations with regional volume changes would not be
uniform across the range of cortical DVR values (i.e., relationships may be evident in
individuals with high but not low 11C-PiB), we separated participants into three equal
groups (high-, medium-, and low-amyloid-binding) based upon the tertiles of the 11C-PiB
mean cortical DVR values. The distribution of 11C-PiB mean cortical DVR values as a
function of age and the division into tertiles is presented in Figure 1. The mixed model
described in the primary analysis was repeated with PiB (high vs. low) as a class rather than
a continuous variable, omitting the tertile with intermediate mean cortical DVR values.

Mixed-model results for global and regional volumes with cortical DVR score as a
continuous variable are summarized in Table 2. In this sample, volume decline accompanied
by ventricular CSF increase (p=0.001) was evident for all brain regions investigated (p<
0.001). Main effects of PiB (mean cortical DVR) on regional brain volumes were not
significant (p>0.1). We also found no interactions between mean cortical PiB burden and
interval, indicating no significant effects of mean cortical DVR on trajectories of age-related
volume changes in the regions of interest (p= 0.3). There was, however, a non-significant
trend observed for the precuneus (p=0.08) with greater rates of volume loss in association
with higher mean cortical DVR. Select trajectories of volume change over time for vCSF,
GM, the hippocampus and the precuneus in relation to PiB burden are shown in Figure 2.
No significant differences in the trajectories of volume decline for any of the brain regions
investigated were observed between the high- and low-amyloid-burden groups (p's> 0.2;
data not shown) despite evident differences in 11C-PiB retention in the two groups (Figure
3).

Discussion

The main goal of the present study was to examine the relationships between amyloid
burden measured with 11C-PiB and trajectories of regional brain volume changes. Consistent
with our findings of structural brain changes in the complete BLSA neuroimaging sample
(Driscoll et al., 2009), we found significant age-related regional brain atrophy in this sub-
sample of non-demented, community-dwelling older individuals who underwent PiB-PET
imaging and were prospectively followed and extensively characterized through the BLSA.
We found no significant associations, however, between cortical amyloid load and regional
brain volume changes preceding the 11C-PiB measurement.

We considered the possibility that PiB associations with regional volume changes may not
be uniform across the range of cortical DVR values and may not be evident in individuals
with low 11C-PiB values. We compared and found no differences in trajectories of the
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investigated brain regions between high- and low-amyloid-retention groups, despite the
qualitative group differences in mean PiB retention (Figure 3). It is important to note that the
designation of high amyloid binding or having a mean cortical DVR score in the upper
tertile in this study does not imply that an individual has an AD-like PiB-PET scan.
Although many in the upper tertile would qualify as PiB positive controls, the scans of
participants in the present study could be distinguished quantitatively and qualitatively from
those of AD patients (Klunk et al., 2004;Ng et al., 2007).

There are several possible interpretations of the absence of differences in the rates of
regional brain atrophy preceding the in vivo measurement of amyloid burden or between the
groups with high and low PiB retention in this non-demented sample. One interpretation is
that age-related structural brain volume changes, specifically declines in regional brain
volumes, are independent of amyloid deposition. Another interpretation may be that there is
a threshold beyond which AD neuropathology causes negative functional outcomes. We
cannot rule out a threshold interpretation whereby a combined liability including
neuropathology, vascular, and other risk factors move an individual toward a threshold
beyond which cognitive impairment is evident.

Our observations are in agreement with the two existing reports on PiB and brain volume
(Jack et al., 2008, 2009). Jack and colleagues (2008) originally reported little
correspondence between PiB retention and brain volume loss. Moreover, PiB and MRI
seemed to provide complementary information such that clinical diagnostic classification
using both methods was superior to using either in isolation. In a more recent study, Jack
and colleagues (2009) investigated MRI and PIB studies obtained at two time points,
approximately one year apart, to gain insight into the sequence of pathologic events in AD.
They reported a dissociation between the rate of amyloid deposition and the rate of
neurodegeneration late in life over one year follow-up, with amyloid deposition proceeding
at a constant slow rate irrespective of clinical status while neurodegeneration accelerates in
association with clinical symptoms.

Seminal work by Fagan and colleagues (2006, 2009), however, reports that CSF Af42 does
correlate with whole brain volume in non-demented individuals and is suggestive of a
threshold hypothesis. CSF AB42 levels less than 500pg/ml were a good surrogate marker for
the presence of amyloid in the brain; those with positive PiB binding had the lowest CSF
Ap42, while those with negative PIB binding had the CSF AB42 levels above 500pg/ml
threshold. Furthermore, non-demented individuals with CSF Ap42 levels below 500pg/ml
had significantly smaller brain volumes compared to those with CSF AB42 levels above the
threshold. The mean hippocampal volume was also smaller in non-demented individuals
with low CSF AB42 compared with those with CSF AB42 values above 500pg/ml. The
relationships do not hold up in those who have already succumbed to age-related impairment
or dementia, presumably because by the time individuals become cognitively impaired
cortical amyloid deposition may have already reached its maximum levels (Ingelsson et al.,
2004; Price and Morris, 1999). Together, these observations suggest that alterations in CSF
Ap42 metabolism seem to be associated with structural change before the ability to detect
any cognitive impairment. Although we do not have the CSF measurements in our sample,
we would hypothesize that, given the lack of associations between PiB and brain volume
changes over 10 years prior, the majority of our participants would have CSF AB42 values
above 500pg/ml. Given the 3 year interval between last MRI assessment and PiB in our
study, we are less likely to capture brain volume changes closer in temporal proximity to
cognitive impairment. Our findings coupled with those of Fagan et al. (2009) also suggest
that majority of cross-sectional studies or those with shorter follow-ups may not be as
effective at screening out individuals who will eventually go on to become impaired.

Neurobiol Aging. Author manuscript; available in PMC 2012 December 1.
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Conversely, our prospective design with a long follow-up over regular intervals may have
afforded us an opportunity to better screen our sample.

Our study is not without limitations. Our sample is not population-based; most participants
are highly educated and white, limiting the generalizability of our findings. However, the
incidence of AD in the BLSA (Kawas et al., 2000) and the rates of brain changes (Resnick,
et al., 2003) are comparable to other samples. Also, our PiB measurements in these analyses
are cross-sectional and do not yet provide information on the trajectory of amyloid
deposition. These potential limitations should not overshadow the unique aspects of our
study, including a large number of individuals without dementia who are prospectively
followed for many years, relatively short intervals between assessments, up to 10 serial MRI
evaluations, and the extensive clinical, neuropsychological, and pathological
characterizations of this sample. The relative homogeneity of the sample may also be seen as
an asset because it diminishes possible confounding effects of race and education and the
majority of our sample has good access to medical care and has remained relatively healthy
over the follow-up interval. Long MRI follow-up allows us the advantage over other studies
to detect even small differences in brain volume trajectories across different levels of PIB
retention.

Our study also has several strengths. Neuroimaging participants were followed prospectively
for an average of 8 years prior to initial [L11C]PiB evaluation, and cognitive status was
determined within the context of these longitudinal assessments. While we do not yet know
which individuals will eventually develop cognitive impairment, our analyses represent a
snapshot in time and the fact that most individuals have had stable cognition over >8 years
increases the likelihood that the majority of participants will remain clinically normal
through the next few years of follow-up.

Overall, our findings suggest that in non-demented, elderly individuals, amyloid
accumulation does not affect the rate of brain atrophy beyond that already observed as a part
of the normal aging process. A large number of repeat MRI assessments ensured sufficient
power to detect even small changes in rates of regional brain tissue loss. Concurrent
evaluations of longitudinal brain atrophy and amyloid deposition in relation to cognitive
status are ongoing and are needed to more fully investigate the interplay between amyloid
deposition and the structural integrity of the brain, as well as their functional and clinical
significance. Both larger numbers of participants and follow-up visits per participant over
longer intervals will be crucial in determining the sensitivity of in vivo PiB imaging to
structural and functional changes in normal and pathological aging with greater confidence.
In addition, the strength of amyloid imaging may lie in longitudinal studies that track the
progression of amyloid deposition. Further development, refinement, and application of
different physiologic and molecular probes, in concert with longitudinal and perhaps more
focused and refined clinical observations, will bring us closer to understanding the
pathophysiology of MCI and AD and may aid in determining which individuals at risk for
AD are most likely to progress to disease and who will remain healthy.
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Figure 1. Scatterplot of mean cortical PiB DVR by age in the BLSA neuroimaging sample
Participants were also divided into equal tertiles (N=19 each) for additional analyses
involving high and low PiB-binding groups. Males are denoted in blue, females in red.
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Figure 2. Predicted longitudinal trajectories by tertiles of mean PiB DVR for select brain volume
changes (cm3)
Age-related changes (y-axis) in (A) whole brain volume, (B) total grey matter, (C) the
hippocampus, and (D) the precuneus were not related to mean cortical PiB retention. Thin
lines represent individual volumes over time for a random sample of participants; bold lines
represent mean trajectories for each tertile.
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Figure 3.

High PiB

Figure 3. Group differences in cortical PiB DVR between High- and Low-amyloid retention
groups; all non-demented

The mean of spatially normalized parametric PiB images (Zhou et al., 2007) for the 19
individuals in the upper tertile and 19 individuals in the lower tertile determined using
SPMS5 (Wellcome Department of Cognitive Neurology, London, England) were overlaid on
an MRI template using Amide software (Loening and Gambhir, 2003). Being in the high-
amyloid group or having a mean cortical DVR score in the upper tertile does not imply that
an individual has an AD-like PiB scan. The scans of participants in the present study are
easily distinguishable from those in other studies examining AD patients, despite the
qualitative differences between the High- and Low-amyloid groups in this non-demented
sample.
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Sample Demographics and Clinical Characteristics

Characteristics

N 57

Sex (M/F) 33/24
Race (white/AA) 4917
Education (yrs) M (SD) 16.8 (2.5)
Age @ PiB (yrs) M (SD) 78.7 (6.2)
Age @ Baseline (yrs) M (SD) 67.7 (6.1)
# of MRI scans M (SD) 8.5(0.9)
Follow-up Interval (yrs) M (SD) 8.1(0.8)
Last MRI to PiB Lag (yrs) M (SD) | 2.9 (0.8)
MMSE M (SD) 28.9 (1.5)
CDR (# with 0.5) 6

M = males; F = females; AA = African American; M = mean; SD = standard deviation
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Table 2
Annual rates of change (cm?3) in relation to current PiB retention

Longitudinal volume decline (interval effect), accompanied by ventricular CSF increase, was evident for all
brain regions investigated. Main effects of PiB mean cortical DVR on regional brain volumes were not
significant. No significant effects of mean cortical PiB on trajectories of age-related volume changes in the
regions of interest were observed.

Brain Volumes Interval piB* PiB x Interval
Whole Brain 75403 | -1813(225) | 029(1.)
VCSF 113(0.0)* | -562(6.0) -0.13 (0.29)
GM - Total 2,64 (025)" | -8.77(13.75) | -0.56 (1.01)
- Frontal -0.86 (0.09)" | -127(45) 0.01 (0.36)
- Temporal -0.33 (0.08)" | -2:94(3.83) -0.24 (0.33)
- Parietal -0.72(0.05) | -4.19 (3.33) 0.02 (0.22)
- Occipital -0.38 (0.05)" | 052(286) 0.08 (0.18)
WM - Total -4.81(0.24) | -2.17(15.38) |  0.59 (0.99)
- Frontal 20702 | -1.26(654) | 023(0.41)
- Temporal -1.73(0.08)" | -0-11(4.17) 0.27 (0.31)
- Parietal -0.39(0.07)* | -393(399) | 0.06(0.27)
- Occipital -0.21 (0.06)* | 0-89(2.31) -0.13 (0.23)
Hippocampus -0.02 (0'01)* -0.21 (0.28) -0.01 (0.02)
OFC 0,07 (0.02)* | -101(101) | -0.02(0.07)
Cingulate Gyrus | g2 (0'02)* 0.03 (1.25) -0.07 (0.09)
Precuneus -0.04 (0.01)" | 0.34(041) -0.04 (0.02)

Results are expressed as B-coefficients (SE).

PiB = mean cortical DVR; OFC = Orhito-frontal Cortex

*
PiB mean cortical DVR is an average of orbito-frontal, prefrontal, superior frontal, parietal, temporal, occipital, and anterior and posterior
cingulated regions.

*
p<0.05
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