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Abstract

To assess age-related differences in cortical activation during form perception, two classes of visual textures were shown to young and
older subjects undergoing positron emission tomography (PET). Subjects viewed even textures that were rich in rectangular blocks and
extended contours and random textures that lacked these organized form elements. Within-group significant increases in regional cerebral
blood flow (rCBF) during even stimulation relative to random stimulation in young subjects were seen in occipital, inferior and medial
temporal regions, and cerebellum, and in older subjects, in posterior occipital and frontal regions. Group by texture type interactions revealed
significantly smaller rCBF increases in older subjects relative to young in occipital and medial temporal regions. These results indicate that
young subjects activate the occipitotemporal pathway during form perception, whereas older subjects activate occipital and frontal regions.
The between-group differences suggest that age-related reorganization of cortical activation occur during early visual processes in humans.
© 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Evidence from recent neuroimaging studies has shown
age-related differences in the brain regions and networks
activated during visual stimulation. Age-related differences
in cortical activation during visual word identification [29],
visual processing of faces and location [18], and working
memory for faces [19] have been found using positron
emission tomography (PET). In addition, age-related differ-
ences using PET have been shown during memory encoding
and retrieval of word pairs [6] and during a card-sorting task
[32]. Grady et al. [20] has also shown that older subjects
demonstrated a markedly different activation pattern during
a face recognition task relative to young subjects, especially
in the ventral occipital cortical regions. Although these
studies provide insight into age-related differences in visual

perception that may result from differences in high level
visual processes such as complex feature integration re-
quired for the perception of complex objects, the present
study was designed to address a more basic aspect of visual
function. That is, do perceptual differences associated with
normal aging begin earlier in visual processing with
changes in feature extraction?

The present study investigates the hypothesis that the
activation pattern generated by viewing salient form ele-
ments differs for young and older healthy subjects. Based on
prior functional neuroimaging studies that have shown age-
related differences in visual processing, we predict that the
two groups will differ in a specific manner, with either
decreased occipitotemporal activation and/or additional ac-
tivation outside of the occipitotemporal pathway with aging.

Experiments in nonhuman primates [44], and lesion [11,
45] and functional neuroimaging studies in humans [17,22,
30] have shown that there are two distinct visual processing
pathways in extrastriate cortex. Anatomical studies have
shown projections from striate cortex into occipital extra-
striate regions. From these extrastriate regions the projec-
tions diverge either into inferior temporal cortex or into the
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inferior parietal cortex, thus the anatomical basis for the two
pathways [46]. The ventral occipitotemporal pathway is
used primarily for perception of objects whereas the dorsal
occipitoparietal pathway is important for organization of
spatial relationships among objects. Many age-related
changes are reported to occur in regions along these visual
pathways based on structural neuroimaging studies of the
aging human brain [10], determinations of neocortical cell
counts in normal aging human brain [43], and studies of
pyramidal neuronal loss with aging in the hippocampus, the
anterior most extent of the ventral visual pathway [2,49].

Many aspects of visual function deteriorate slightly with
age such as acuity [12] and contrast sensitivity [40,51].
Higher level functions such as those needed for visual
search [28,33], visual attention [13,26], visual word identi-
fication [25,27], and visuomotor tracking [31,50] are also
impaired in healthy aging. Additionally, visuospatial func-
tions change with age such as processes required for spatial
integration [37], localization [39], and mental rotation of
visual stimuli [34]. Age-related changes have also been
observed in tasks involving perception [1] as well as encod-
ing and recognition of visual stimuli [9,41]. This age-related
slowing of visual function has been interpreted as reduced
processing efficiency or effectiveness [37] and may be re-
lated to the neuropathological changes associated with ag-
ing.

In this study, the ability to perceive structural organiza-
tion within visual images was assessed using a passive
visual stimulation paradigm [5]. To define cortical regions
involved in this type of form perception, two classes of
achromatic textures were presented to both young and older
subjects undergoing PET. The baseline condition involved
viewing random textures, which exhibit a random arrange-
ment of black and white pixels. The stimulation condition
involved viewing even textures, which exhibit pixels orga-
nized into elongated contours and rectangular blocks of a
single color. The random and even textures share the same
average luminance and spatial frequency content but differ
in the organization of the pixels that make up the image.
Previous studies of texture perception [24] have shown that
humans can readily discriminate between random and even
textures based on the differences in these local features.
Furthermore, previous imaging studies have shown that the
perception of this type of visual form involves the occipi-
totemporal pathway in young subjects [3–5]. Assessment of
brain activation in the elderly in the present study will
provide additional information regarding age-related corti-
cal function along this visual pathway.

2. Methods

2.1. Subjects

Twelve healthy young adults (five women, seven men;
ages 20–37; mean6 SD 5 27.3 6 6.0 years; 10 right

handed, two left handed) and 14 healthy older adults (six
women, eight men; ages 51–73; mean6 SD 5 62.16 8.5
years; 11 right handed, three left handed) participated in this
study. The NIA Institutional Review Board approved all
procedures. After full explanation of purpose, procedures
and risks of the study, informed consent was obtained from
each subject upon enrollment. During screening, subjects
underwent a rigorous battery of testing by a physician in-
cluding a detailed history and physical examination, ECG,
chest X-ray, complete blood count, kidney, liver, and thy-
roid function tests, cholesterol levels, visual fields and acu-
ity. Those with suboptimal visual acuity wore corrective
lenses during scanning (acuity mean6 SEM: Young right
eye5 20/20.96 1.29, left eye5 20/206 1.44; Older right
eye 5 20/31.46 2.89, left eye5 20/29.66 2.12). All
subjects also underwent an MRI exam of the brain to ex-
clude those with structural anomalies, and those with cor-
tical atrophy, ventricular enlargement and white matter hy-
perintensities outside the range associated with normal
aging. Subjects with systemic disease that might affect brain
function and subjects with psychiatric illness were ex-
cluded, as were those taking any psychoactive medication.

2.2. Visual stimulation

Many examples of two easily discriminable classes of
achromatic textures (Fig. 1) were presented to subjects un-
dergoing a series of PET scans. The two classes of textures
differed in the organization of their constituent black and
white pixels. In the random class of textures, pixels were
randomly assigned the colors of black or white. In the even
class, the colorings of special groupings of four pixels were
restricted as follows: for any rectangle of pixels, the four
pixels at the vertices of the rectangle had to have an even
number of black and white pixels (e.g. all black, all white,
or two black and two white). Thus, even textures were
generated by a simple two-dimensional recursion rule from
sets of randomly chosen values for the textures’ initial rows
and columns. If pixel color (black or white) was denoted in
the i th andj th column of the two-dimensional array byai,
j and the colors of pixels in the initial row and column (a0,
j andai, 0) were randomly assigned values of11 or 21, a
recursion rule determined the assignment of the interior
pixels of the texture from those previously assigned. The
interior pixels of the even texture were assigned by the rule
11 5 ai, j x ai 2 1, j x ai, j 2 1 x ai 2 1, j 2 1.

As a consequence of this spatial correlation rule, the even
textures exhibit extended rectilinear contours and rectangu-
lar blocks of a single color whereas the random textures do
not. Because neither texture class had restrictions on how
any two pixels or three pixels could be colored, the area of
regions of a single color were the same in the random and
even textures on average, but these regions always had a
consistent and rectilinear shape in the even textures.

The subjects were given no prior exposure to the stimuli
before beginning the scans nor given any instructions other
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than to keep their gaze centered on the visual display. The
viewing of the textures was passive, and no performance
was required for this task. The texture display subtended
22.5° 3 28.3° of visual angle for all subjects. The smallest
pixel (region of black or white) in the textures subtended 0.16°
3 0.16° of visual angle. Four scans were collected during
random texture viewing and four while viewing even textures.
Scans were administered in an alternating fashion, with each
pair of random/even scans counterbalanced across subjects to
control for effects of presentation order. Novel textures were
continuously shown every 0.5 s. Scans were conducted every
12 min. After the scanning session, the subjects were ques-
tioned regarding their perception of the texture stimuli.

2.3. Brain imaging

Each subject underwent a series of eight PET scans using
radiolabeled water (H2

150) to measure regional cerebral

blood flow (rCBF). All subjects fasted for at least 2 h and
refrained from alcohol, caffeine and smoking for at least
24 h before the study. PET procedures were performed on a
Scanditronix PC2048-15B tomograph (Upsala, Sweden)
with a reconstructed resolution of 6.5 mm in both transverse
and axial planes. Catheters were placed in a radial artery to
obtain arterial blood samples and in an antecubital vein of
the opposite arm for isotope injection. 37.5 mCi of H2

150
were injected i.v. per scan. Texture stimulation began one
minute before bolus injections of the isotope and contin-
ued throughout the scan. Scanning began when the brain
radioactive count rate reached a threshold level and con-
tinued for 4 min. Arterial blood radioactivity was deter-
mined continuously using an automated blood counter.
The arterial time activity curve and scan data were used
for image reconstruction with a rapid least squares algo-
rithm [8].

Fig. 1. Examples of random (top row) and even (bottom row) textures. The two classes share the same luminance and spatial frequency on average, yet the
black and white checks are organized into extended contours and rectangular blocks in the even class.
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2.4. Data analysis

All scans were registered and spatially normalized [16]
into the stereotactic space of Talairach and Tournoux [42].
Images were smoothed with a full width at half maximum of
20 3 20 3 12 mm in the x, y, and z planes. Pixel rCBF
values were scaled using the ratio adjustment method [14].
The image data were analyzed using Statistical Parametric
Mapping (SPM97; Welcome Department of Cognitive Neu-
rology, London, England), where voxel by voxel compari-
sons determined significant changes in rCBF during even
stimulation relative to baseline random stimulation (P ,
0.01). Data from all even scans were analyzed relative to all
random scans for both young and older subjects. These data
represent within-group activation patterns. To determine
significant differences in activation patterns related to ag-
ing, group by texture type interactions were tested. These
data represent between-group differences in activation. To
control for multiple comparisons, cluster analyses were per-
formed on each contrast to determine the significance of
each cluster of activated voxels based on the magnitude of
activation (Z5 2.36) and spatial extent (P , 0.05) [15].

3. Results

Statistically significant brain areas activated on a within-
group basis will be presented first followed by brain areas
that showed significantly different activation patterns be-
tween groups. In the young subjects, cerebral activation
during even texture stimulation relative to random texture
stimulation occurred in visual extrastriate regions of the
brain. Bilateral activation was observed in the fusiform (BA
19) and lingual gyri (BA 19). Activation of the middle
occipital gyrus (BA 18/19) was also seen in the right hemi-
sphere. Regions anterior to the occipital lobe were also
stimulated by even textures relative to random. These re-
gions included bilateral inferior temporal (BA 37) and pos-

terior cingulate gyri (BA 30/23). Additional activation of
the parahippocampal gyrus (BA 35/36) was seen in the right
hemisphere and precuneus in the left (BA 31). Bilateral
activation was observed in the cerebellum. The results are
presented in Fig. 2A. Local maxima are presented in Table 1.

In the older subjects, cerebral activation during even
texture stimulation relative to random texture stimulation
also involved the visual extrastriate regions. These regions
included bilateral activation of the cuneus (BA 18) and left
hemisphere activation of the inferior occipital gyrus (BA
18). In addition, the activation pattern involved anterior
regions of the brain including anterior cingulate (BA 32/24),
medial frontal (BA 10), middle frontal (BA 46/10), and
superior frontal gyri (BA 10) in the left hemisphere. The
results are presented in Fig. 2B.

Between-group interactions (Fig. 2C) revealed signifi-
cantly smaller rCBF increases in older subjects relative to
young during even texture stimulation [(youngeven -
youngrandom) - (oldeven- oldrandom)]. These differences were
observed in the precuneus (BA 7), middle temporal (BA
39), and posterior cingulate (BA 31/23) gyri of the left
hemisphere. In the right hemisphere, significant differences
were observed in the parahippocampal gyrus (BA 28/35).
Older subjects did not demonstrate significantly greater rCBF
increases relative to young subjects [(oldeven - oldrandom) -
(youngeven- youngrandom)].

In terms of deactivations, the young group demonstrated
decreased blood flow in the middle frontal gyrus of the left
hemisphere (BA 9; Talairach coordinate:246 6 40). The
older group demonstrated decreased blood flow in the infe-
rior parietal lobule (BA 40; Talairach coordinate: 56236
32) of the right hemisphere. No significant differences were
found between the two groups.

Due to the passive nature of the task, the subjects were
asked what they perceived and thought about during the
scanning session using a standardized questionnaire. Both
young and older subjects gave similar descriptions of their
experiences. All subjects recognized that two types of tex-

Fig. 2. Projection maps illustrating significant differences in rCBF during even texture perception relative to random texture perception (Z-scorethreshold
2.36; spatial extentP , 0.05). (A) rCBF increases within the young group. (B) rCBF increases within the older group. (C) Between-group interaction
illustrating significantly smaller rCBF increases in older subjects relative to young subjects ((youngeven- youngrandom) - (oldeven- oldrandom)) in the precuneus,
middle temporal, and posterior cingulate gyri of the left hemisphere and parahippocampal gyrus of the right.
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tures were shown and described the types as either exhib-
iting small black and white squares (random textures) or
patterns with larger squares, rectangles and long lines (even
textures). Most subjects recognized that the two texture
types were presented in an alternating fashion across scans.
Most subjects also stated that even textures were “easier to
look at,” yet some found no difference between the two
types. Some subjects saw recognizable shapes in the even
textures, the most common reported being letters, maps and
quilt shapes. Of the subjects that reported seeing these
shapes, all stated that the shapes “just appeared” and that
they did not actively try to see objects in the textures. The
one difference between young and older subjects relates to
thought processes during scanning. Although all subjects
reported concentrating on the center of the viewing screen
during the start of each scan, young subjects reported that
their mind drifted toward the end of the scan more often
than older subjects. For those subjects that did report extra-
neous thoughts, most stated that their minds drifted to a
similar degree throughout the session with no difference
between early and late scans.

4. Discussion

Isodipole textures have been used to study visual percep-
tion in both monkeys and humans. Non-human primate

studies [35] have shown that the striate cortex (V1) extracts
higher order spatial correlations from visual textures. When
monkeys are shown textures such as those used in the
present study, even and random texture interchange pro-
duces a prominent form specific signal in the visual evoked
potential (VEP) recorded epicortically from V1. Multielec-
trode recordings also show that this form specific signal is
generated in many layers of striate cortex. Finally, single-
unit recordings from simple and complex cells within V1
demonstrate that differential responses to even/random tex-
ture interchange can be produced at the level of single
receptive fields.

Human VEP studies also demonstrate a differential re-
sponse to even textures relative to random textures [47,48].
The antisymmetric or form specific component of the VEP
signal increases in amplitude when even textures are shown.
Using functional neuroimaging, we have also shown that
stimulation with random textures relative to a fixation con-
dition results in activation primarily of the striate cortex in
young subjects, whereas stimulation with even textures re-
sults in activation primarily of extrastriate and temporal
regions [4]. This finding suggests that increased recruitment
of regions along the occipital temporal pathway of the brain
occurs in response to visually salient features contained
within the even textures.

The present study extends our previous neuroimaging
studies [3,4,5] where stimulation with visual textures dif-

Table 1
Local maxima within clusters demonstrating significant increases in rCBF during Even texture stimulation relative to Random stimulation*

Group Region Talairach coordinate Z-score

x y z

Young R Lingual gyrus (19) 30 266 24 3.60
L Lingual gyrus (19) 228 264 24 2.90
R Fusiform gyrus (19) 26 262 28 3.58
L Fusiform gyrus (19) 226 256 28 2.74
R Mid occipital gyrus (18/19) 30 278 4 3.54
L Precuneus (31) 222 262 20 2.89
R Inf temporal gyrus (37) 28 270 0 3.68
L Inf temporal gyrus (37) 242 272 0 2.43
R Parahippocampal gyrus (35/36) 24 236 28 3.66
R Posterior cingulate (29/30) 14 248 8 3.78
L Posterior cingulate (30/23) 222 262 12 2.52
R Cerebellum 4 262 216 3.15
L Cerebellum 28 264 216 3.54

Old L Cuneus (18) 226 290 4 4.13
R Cuneus (18) 26 294 4 4.03
L Inf occipital gyrus (18) 236 284 0 2.96
L Med frontal gyrus (10) 220 52 8 3.15
L Mid frontal gyrus (46/10) 232 54 16 2.93
L Sup frontal gyrus (10) 218 56 16 3.19
L Anterior cingulate (32/24) 220 42 12 2.58

Old versus young L precuneus (7) 222 258 32 3.44
Decreased rCBF L mid temporal gyrus (39) 226 258 24 3.52

R parahippocampal gyrus (28/35) 20 220 216 3.39
L posterior cingulate (31/23) 224 264 12 3.07

*Brodmann areas are indicated in parentheses from the atlas of Talairach and Tournoux (1988)
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fering in the presence of salient form elements produced
differential levels of activation in the ventral occipitotem-
poral pathway of young adults. Here we demonstrate that
there are differences in form perception associated with
aging.

The within-group activation pattern in the young subjects
involves both cerebral hemispheres. Activation resulting
from even texture stimulation relative to random stimulation
includes extrastriate regions of the brain, such as bilateral
lingual and fusiform gyri, the precuneus of the left hemi-
sphere and middle occipital gyrus of the right hemisphere.
Other areas activated include the parahippocampal gyrus of
the right hemisphere, bilateral inferior temporal and poste-
rior cingulate gyri. These occipitotemporal areas are part of
the ventral visual pathway. Involvement of this pathway in
the present study indicates the ability of these brain areas to
extract differences in salient form elements.

The within-group activation pattern in the older subjects
involves both cerebral hemispheres posteriorly and the left
hemisphere anteriorly. The activation includes posterior ex-
trastriate regions, such as the cuneus of both hemispheres as
well as the inferior occipital gyrus of the left hemisphere.
These subjects also exhibit areas of activation outside the
occipitotemporal pathway. These include regions in the
medial, middle and superior frontal lobe, and the anterior
cingulate gyrus of the left hemisphere.

Between-group interactions reveal significant rCBF dif-
ferences in older relative to young subjects. Regions dem-
onstrating differences include the precuneus, middle tem-
poral, and posterior cingulate gyri of the left hemisphere and
the parahippocampal gyrus of the right hemisphere. These
areas all showed decreased cerebral blood flow in the older
compared to the young group. The frontal lobe regions
activated in the older subjects alone, however, did not show
statistically significant differences in blood flow between
the two groups.

Prior functional neuroimaging studies in humans have
assessed age-related changes in rCBF during the processing
of both nonverbal and verbal visual tasks. These tasks in-
volve high level cognitive processes such as perception and
location of faces [17,18], memory for faces [20] or words
[6,38], word identification [29], and card sorting [32]. These
studies have all shown age-related differences in visual
processing. The differences often include either decreased
occipitotemporal activation [20,29] and/or additional acti-
vation outside of the occipitotemporal pathway [6,17,18].

Current literature suggests several hypotheses for the
differences in activation patterns seen in young and old.
First, age-related regional decreases in activation in some
brain regions reflect less efficient cognitive processing with
aging, that is “processing deficiency” [18,20,38]. Grady et
al. [18] interprets age-related differences in rCBF during a
face-matching/location matching task (a nonmemory, visual
task) as more efficient use of occipital visual areas by
young, whereas old subjects rely on other cortical networks
including frontal regions to compensate for the “reduced

processing efficiency” of the occipital cortex. In the present
study, older subjects show decreased blood flow in oc-
cipital, temporal and cingulate regions relative to the
young subjects. Furthermore, using photic stimulation to
assess the response of the visual cortex, a functional MRI
study [36] has shown a significantly decreased amplitude
of response in old compared to young normals, suggest-
ing an age-related alteration in coupling of blood oxy-
genation to focal activation. Together, these findings sug-
gest that processing of visual information may be
compromised with aging.

Secondly, age-related increases in activation in other
brain regions reflect “functional compensation” [18]. Stud-
ies have shown activation outside of the ventral visual
pathway with aging. Grady et al. [17,18] showed that al-
though both young and older subjects activated the occipi-
totemporal pathway during a face matching task, older sub-
jects had additional areas of activation in the superior
parietal and prefrontal cortices. Additionally, Cabeza et al.
[6] found age-related decreases in activation during encod-
ing of word pairs in bilateral occipitotemporal regions and
the prefrontal cortex of the left hemisphere, with an asso-
ciated age-related increase in activation in bilateral insular
regions. In the present study, older subjects also activate
areas outside the occipitotemporal pathway. Although these
differences were not statistically significant, within-group
activation patterns revealed that older subjects activate the
inferior, middle, and superior regions of the frontal lobe
whereas the young do not.

Thirdly, Cabeza et al. [6] has interpreted age-related
changes in activation during a memory encoding and re-
trieval task as a difference in the way young and old sub-
jects perform—either by using a different strategy or by
implementing the same strategy using different brain re-
gions. Recent work by Hazlett et al. [23] supports the “same
strategy-different ways” hypothesis in a PET study where
young and old performed a verbal memory task. Good
performers were compared in both groups and were shown
to activate different cortical regions (frontal in the young
and occipital in the old) using the same cognitive strategy.
Although the subjects in the present study were not required
to perform overt cognitive operations, post-scan interviews
reveal that both young and older subjects perceived differ-
ences between the two texture types and that these percep-
tions—or at least the ability to describe what they saw and
thought about the stimuli—were similar for both groups.
The similarity in “performance,” or perception in the
present case, and the resultant differences in activation
during texture perception could be explained by Hazlett’s
theory of a dynamic brain region reallocation with aging.
The possibility should be noted, however, that endoge-
nous factors such as differences in drifts in attention or
extraneous thought during the “passive” viewing of the
textures may also play a role in the differences observed
between groups.

Thus, previous neuroimaging studies reveal that changes
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occur during the performance of visual tasks with healthy
aging. These changes include decreased cortical activation
patterns relative to that observed in young control subjects,
suggesting that processing of visual stimuli may be com-
promised with age. Furthermore, activation patterns that
deviate from those seen in young subjects also suggest that
some form of cortical reorganization likely occurs with age.
Using path analysis on PET data from young and old sub-
jects encoding and recalling word pairs, Cabeza et al. [7]
has provided support for the hypothesis that age-related
changes in activation are due to age-related changes in
effective connectivity in the neural network underlying the
task. Until this point, these age-related differences in brain
activation could be attributed to differences in high-level
visual and cognitive processes required for the performance
of the specific task. The present study, however, suggests
that these differences may result, at least in part, from
changes in early or low-level visual processes such as those
needed for the perception or extraction of more basic form
elements.

These processing differences may result from changes in
a visual receptive field mechanism that operates at different
spatial scales at various stages along the ventral occipito-
temporal pathway [3–5,47,48]. This receptive field mecha-
nism carries out a spatial linking operation in two stages
[47]. First, local edge detection is performed by neurons
with receptive fields as small as the smallest texture ele-
ments. Second, a stage of integration occurs that coopera-
tively links the outputs of neighboring local edge detectors
sharing a common orientation preference. This second ‘non-
linear’ stage involves a function that restricts the recruit-
ment of edge detector subunits unless these subunits are
aligned along an extended contour or the perimeter of a
larger block and share the same orientation preference. The
outputs of many such nonlinear stages may be summed into
larger receptive fields in the extrastriate visual cortical ar-
eas. A more precise description of how the intermediate
nonlinear stage behaves as the outputs from the subunit
inputs are changed has been formulated in a recent psycho-
physical study [21] which suggests that many visual per-
ceptual phenomena may be understood, in part, by the
operation of this intermediate nonlinearity. What is
unique about the perception of even and random textures
is that the nonlinearity seems to act through a particular
type of spatial pooling, i.e. between subunits with similar
orientation tuning preferences in specific spatial arrange-
ments. It is not clear from the present study, however,
whether the change that comes with aging is a change in
the intermediate nonlinearity, or in the organization of
linkages between receptive fields with similar orientation
preferences. Further psychophysical and imaging studies
of texture and motion perception in normal older adults
could help isolate the component of visual processing
that changes with age.
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