
Digitized radionuclide images have many advan
tages over analog images. As well as permitting quan
titative analysis, a digitized image is more conducive to
visual interpretation, since it gives an observer the op
portunity to vary at will the intensity, contrast, and gray
or color-scale levels of the display. In addition they allow
the possibility of applying more sophisticated image
processing facilities. None of this manipulation is pos
sible on an analog image.

The major disadvantage of a digitized image is that
the matrix of discrete elements (pixels) imposes an ar
tificial regular structure on the displayed data. In an
attempt to reduce this problem, some authors recom
mend digitizing data onto the finest matrix possible so
that the images appear similar to analog ones (1 ). Al
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though this approach may be appropriate for high
quality images where the only requirement is to retain
fine spatial detail, difficulties arise with radionuclide
images because of their low count densities. Small pixels
contain few counts, so their random noise content is
higher. Rollo and Harris (2) state that each pixel in an
image must contain a statistically meaningful number
of counts, and this consideration limits the smallest size
of pixel that may be used (3,4).

The combination of statistical restraints with the poor
spatial resolution of a gamma camera leads to the choice,
on physical grounds alone, of a relatively large pixel for
digitizing radionuclide images. Todd-Pokropek (3)
suggests that a pixel whose side length represents as
much as 5 mm on the camera face is adequate for any
clinical image in which spatial resolution has been de
graded by the scattering effects of soft tissue.

Clearly the use of a finer matrix than is necessary
merely increases costs (in terms of computer memory,
time for data manipulation, and data storage space)
without improving diagnostic effectiveness. A choice of
pixel size made on physical criteria alone, however, may
not be the best for visual interpretation. Sharp and co
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Althoughit is commonpractice to digitize radionuclideImagesontothe finest
matrix available,their low countdensitiesand poorspatialresolutionsuggestthat
quite large pixels should be adequate. Observers find these large pixels visually
obtrusive,butminificationof the imagecan reducethiseffect.Experimentsre
ported here have investigatedhow minification(achieved by increasingviewing
distance) affects the perceived quality of images digitIzed onto different sized ma
trices. Observers'subjectivepreferencefor differentpixel sizeswas measuredat
variousviewingdistancesusingclinicalboneimagesas test patterns.Anobjective
measureof image qualftywas made by comparingthe detectabilityof computer
generatedfocal areas of increasedactivity bothIn simplenoisybackgroundsand
in clinical bone images. The resultsshow that a 128 X 128 matrix is adequate
whenthe imageis8 @2andisviewedfrom I and2 m. A finermatrixfailedto pro
duce better results.
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FIG. 1. Thick curve represents contrast
sensltivity (definedas reciprocal ttweshold
contrast) of human visual system (mea
sured with sinusoidal gratings) plotted
against spatial frequency. Lighter curves
represent channels sensitive to narrow
range of spatial frequencies. (Reprinted
from Ref. 8, by permission.) spatial frequency/(cycle/dcg)

workers (5) have shown that although large pixels are
adequate for simple perceptual tasks, observers find the
pixels themselves to be visually obtrusive when more
complex data are displayed. For this reason data initially
collected on coarse matrices are often interpolated onto
finer ones for display. Although these images retain the
lower statistical noise levelsof the collection matrix, they
appear blurred and are also visually unsatisfactory
(5).

A matrix that is visible in coarsely digitized images
contains higher spatial frequencies than the underlying
data. Although the sharp edges of the pixels contain very
high spatial frequencies, it is believed that those artifi
cially introduced frequencies within two octaves of the
signal spectrum cause most disruption (6). It is the
problem of these higher spatial frequencies that must be
overcome to make coarsely digitized images visually
acceptable.

The response of the human visual system varies
greatly with observed spatial frequency. Figure 1 shows
that it peaks at a few cycles per degree (7,8). Thus, by
varying the visual angle of an image, for example, by
changing the viewing distance, it should be possible to
enhance the signal and at the same time reduce the in
terference from the pixel matrix. This is discussed more
fully elsewhere (9).

The effect of minifying radionuclide images has been
discussed in the literature (10â€”14)but not specifically
with the intention of improving the appearance of digi
tized images. This paper reports experiments to deter
mine whether it is necessary to use very fine digitization
matrices, or whether, after suitable image minification,
observers are able to obtain the same amount of diag
nostic information from coarser matrices that are corn
putationally more convenient. To avoid image distortion,
reduction of the visual angle was achieved by increasing

the viewing distance rather than by a series of lenses or
by reducing the physical size of the display.

METHODS

Three experiments have been performed to investigate
the subjective and objective visual effects of minifying
radionuclide images.

In each experiment data were first recorded on a 256
x 256matrix,andimagesequivalentto thoseobtained
by digitizing onto 128 X 128 or 64 X 64 matrices were
produced by suitable merging of the original pixels.
Clinical images were collected on a gamma camera in
terfaced to a data processor.

The effect of minification was achieved by keeping the
image size constant and increasing the viewing distance
from 1to 12 m using a system of front-silvered mirrors.
Square images with side lengths of 32 cm were displayed
on a monochrome TV using I28 grey levels. When a 64
x 64 matrixwasdisplayed,the rangeof minification
reduced the visual angle subtended by a pixel side from
17 mm of arc at 1 m to 1.4 mm of arc at 12 m. The

FIG. 2. Simple test pattern used in Experiment 2. This image is
digitized onto 128 X 128 matrix.
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background room lighting was kept at the normal
working level, although care was taken to avoid direct
reflection of light sources from the TV screen. The TV
monitor was interfaced to a computer through a micro
processor-controlled display that permitted interactive
image manipulation (15). The observer had remote
control of the image brightness, contrast, and the gray
scale's dynamic range, and could position a flashing
cursor on the screen by moving a roller-ball.

Experiment 1: Subjective preference using clinical
images. To investigate whether the strong preference for
finely digitized images reported elsewhere (5) persists
when the visual angle of the image is reduced, three sets
of bone studies, each containing ten different images,
were shown to six experienced observers. Upper and
lower posterior views were used as test patterns because
these images contain the finest spatial detail found in
nuclear medicine. The images were of normal patients
and of patients with confirmed skeletal metastases.

The three digitized versions of each image were dis
played consecutively in a random order to an observer
placed 1, 4, 8, or 12 m from the TV screen. The observer
altered the order of display of the three versions of each
image using a computer keyboard. He was not instructed
to adopt any particular criterion for his judgment of
image quality but left to draw on his own experience of
what constituted a good clinical image. When the oh
server was satisfied that the images were ranked in order
according to his preference, the result was automatically
recorded.

Experiment 2: Detectability of abnormalities in a noisy
structureless background. The fact that observers prefer
a particular type of image presentation does not neces
sarily mean that it yields the most diagnostic informa
tion. The second experiment used simple computer
generated test patterns to obtain a more objective mea
sure of observer performance. Since by far the most
common sign of malignant disease in a radionuclide bone

image is the appearance of an area of increased count
density, it was decided to concentrate only on these.
Accordingly the test pattern comprised focal areas of
increased activity superimposed on a structureless
background containing random (Poisson) noise. The
mean background count density was 20 counts per ele
ment on a 256 X 256 matrix, corresponding to 1280
counts/cm2 on the TV face. The focal areas of increased
radioactivity had Gaussian count-density profiles and
were of two sizes, with full widths at half-maximum
counts (FWHM) of 7.5 and 15 mm on the TV face (i.e.,
six and 12 pixels respectively on the 256 X 256 matrix).
The small focal areas corresponded approximately to the
point spread function (PSF) ofa gamma camera under
clinically realistic conditions. The contrast (defined in
terms of the peak count density) increased in seven equal
steps from 15% to 45% for the small abnormality and
from 5% to 35% for the large one. The lower limits were
chosen to provide focal areas of increased activity that
were barely visible under any viewing conditions, while
the upper limits gave spots that were nearly always
visible.

Thirty different patterns were created, grouped into
three distinct sets of ten. Each set of patterns contained
ten focal areas of increased activity of each size and
contrast (a total of 140 abnormalities) and between 11
and 17 of these were randomly located in each pattern.
The original data were created on 256 X 256 matrices,
and images on 128 X 128 and 64 X 64 matrices were
created by merging adjacent pixels. An example of one
of these images is shown in Fig. 2.

The approximate sizes of the focal areas of increased
activity were demonstrated to each observer, but no other
information, such as the minimum or maximum number
of targets present or their probable positions, was given.
In order to keep each observer's detection threshold
constant, both within a viewing session and between
sessions, he was asked to mark with the cursor only those
positions in an image where he was certain that there was

FIG.3. Schemaofmethodusedtoplace
foci of increased activity in normal bone
images: (a) choose region of interest In
bone image; (b) expand this region and
smoothonce;(C)markoutlineof proposed
focus of increasedradioactivity;(d)extract
outlinedarea;(e)smoothareatwice, scale,
andusethesevaluesas meansto generate
Poisson data; (f) superimpose area as
focus of Increasedradioactivity in original
image.

b0 C
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was also randomized, and the nine separate viewing
sessions were spaced at least two days apart.

Experiment 3: Detectability of abnormalities in a
highly structured clinical image. The previous experiment
used a simple pattern in which any definite local increase
in count density represented an abnormality, and the
only noise present was due to random fluctuations.
Clinical images, however, provide an irregular back
ground due to normal anatomical or physiological fea
tures. This â€œanatomicalnoiseâ€•is extremely obvious in
radionuclide bone images (as in Fig. 4) and observers
must be able to distinguish these normal variations in
count density from those resulting from pathological
changes.

The third experiment used upper posterior bone im
ages of normal patients as the background pattern, and
clinically realistic foci of increased activity representing
metastatic deposits were added under computer control.
The method used to introduce the abnormalities is out
lined in Fig. 3. A portion of the normal image, digitized

K:-

FIG.4. Normalboneimageon256X 256matrix. _________

an abnormality. Doubtful areas were not to be
marked.

Six observers took part in this experiment, and images
were viewed from distances of 1, 4, and 8 m. Every oh
server underwent three viewing sessionsat each distance.
In a single session the observer saw all thirty different
patterns, with one set of ten displayed on a 256 X 256
matrix, another on a I 28 X I 28 matrix, and the third on
a 64 X 64 matrix. On the next occasion that this viewing
distance was used, the same three sets were displayed but
on matrices different from the previous one (e.g., 128 X
I28, 64 X 64, 256 X 256). By the end of the third session
at a particular viewing distance, an observer had seen all
three sets of patterns on all three matrices, thus giving
a maximum possible number of true-positive responses
of 1260 at each distance. To minimize any distortion of
the results caused by observers becoming familiar with
the patterns, the order in which the 30 images were
presented in each session was randomized. In addition,
the order of the viewing distances used by each observer

FIG.5. DatafromFig.4withseveralarti
ficial, high-contrastabnormalities added.
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Viewing distance
Preference 1 m 4 m 8 m 12 m

. Not significant at 95% confidence level.

TABLE2. ST
THE NUMBE
UNDERANYATISTICAL

TESTTOCOMPARE
R OF ABNORMALITIESSEEN

TWO VIEWINGCONDITIONS
(VCs)VC1

Seen Not seen Totals
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onto a 256 X 256 matrix, was expanded to twice its size
and a single nine-point smoothing operation was per
formed. The outline of the proposed focus of increased
activity was then marked on the expanded image and the

spatial coordinates and contents of each pixel within this
region were extracted by the computer. This extracted
area, representing an image of the â€œlesionâ€•on an empty
background, was then given two more nine-point
smoothings to blur the edges, then scaled to give the re
quired â€œlesionâ€•contrast. Poisson-distributed data were
generated from these scaled values and this noisy focus
of activity was added to the original image.

Two sizes of foci of increased activity were produced:
small ones were placed in the ribs while large ones en
compassed a whole vertebral body. As before, contrasts
were chosen to cover the range from hardly visible to
obvious. Thirty patterns were altered in this way, each
finally containing from seven to 12 â€œlesionsâ€•(mean of

ten). Figures 4 and 5 show, respectively, a pattern before
and after artificial lesions had been introduced.

The viewing procedure for the second experiment was
used, and a strict decision criterion was again adopted.
Observers were asked to mark carefully the position of
every region which, if it had been the only abnormality
in the image, would have been sufficient to record the

image as unequivocally positive. Equivocal areas were
not to be marked.

Only observers who were experienced in examining
bone images were eligible for this test, and the author
responsible for selecting the positions for the foci of in
creased activity had to be excluded. For these reasons
only four observers were available to undertake this part
of the experiment.

RESULTS

Experiment 1. At each viewing distance a simple sign
test (16) was used to assess the preference expressed for
each image when viewed on two different matrices. A
â€œ+â€œwas allocated whenever the finer matrix was pre

ferred, and a â€œâ€”â€œotherwise. No ties were allowed in the
experiment. Results from all six observers were pooled
and the â€œ+â€œscores were calculated for each pair of
matrices at each viewing distance. The results, expressed
as percentages, are shown in Table 1. The null hypoth
esis, that there is no preference for one of the matrices,
corresponds to a score of 50%, and the 95% confidence
level calculated from the two-tailed binomial distribution
(with n = 60 and expected probability 0.5) is Â±13%.

Experiment 2. Each of the nine combinations of matrix
size and viewing distance produced a different â€œviewing
conditionâ€•(VC), and by the end of the experiment each
observer had seen every abnormality under all nine VCs.
The strict decision criterion resulted in a false-positive
rate of no more than one in every ten images, which was
considered to be negligible. For each observer and target

TABLE1. PERCENTAGEOF OCCASIONS
WHENA FINERMATRIXWASPREFERRED

TO A COARSERONE

256 over 128
256over64
128over64

100 62' 60 55'
100 98 90 77
100 100 90 77

size the analysis considered each increased focus in turn.
For any two VCs the comparison between the results
from each of the 210 abnormalities of a particular size
was allocated to one of the four positions shown in Table
2: either the focal area of increased activity was seen
under both conditions (k), seen under VC1 but not under
VC2 (s), seen under VC2 but not under VC1 (r), or not
seen at all (m). The responses in k and m are tied pairs,
so the comparison of interest is between s and r. Thus a
two-tailed binomial test was carried out on the propor
tion r/(r + s), with an expected value of 0.5 (16). Any
deviation with a confidence level greater than 95% was
considered significant.

Variation ofdetection rate with viewing distance. The
effect of keeping the digitization matrix fixed and
varying the viewing distance is shown in Table 3. For
each observer and size of target, the viewing distances
are listed according to their relative detection rates, with
the distance producing the highest rate placed at the top.
For example, Table 3 shows that Observer 1 saw more
foci of increased activity of both sizes on the 64 X 64

matrix when the viewing distance was increased from 1
to 4 m, or from 1 to 8 m, but there was no significant
difference between his results on moving from 4 to 8
m.

Results from coarse matrices at long viewing dis
tances. To find out whether images digitized onto coarse
matrices can, under suitable viewing conditions, yield
as much information as those digitized onto finer ones,

VC2 Seen k
Notseen s

r r+k
m s+m

Totals k+s r+m N

Nullhypothesis:that r/(r + s)follows the binomialdistribution,
with expected probability of 0.5.
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TABLE3.RELATIVE RATESOF DETECTIO
(FIG. 2) AT VIEWINGN

OF TARGETSIN A STRU
DISTANCESOF 1, 4, ANDCTURELESS8mBACKGROUNDSmall

targetsMatrix

sizeObserver
number123

4568488

8486414

14
1

14184188128841484

841
1841411888484842564

8=4=141I11Large

targetsMatrix

sizeObserver
Number123

456
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84 8 84 84 8=4

8
8 4' 84

1

8=4

1

84 8

4=114
1

8 8
8 8

41 41

4 4

8

4

8

4

1 1 1 1

64 8411
41 1 11128

4256.

This means that significantly more targets were detected at 8 m than at 1 m, but results of 4 m were not significantlydifferentfrom

thoseat8 m or1m.Top
figureIsdistanceatwhichmosttargetsweredetected;bottomfigureisthatatwhichfewesttargetsweredetected;andequality

signs indicate no difference.

results from the 64 X 64 and 128 X 128 matrices viewed
from 8 m were compared with those from every other
VC. The conclusions are shown in Figs. 6 and 7 respec
tively. Figure 6 shows that some observers found several
VCs better than the 64 X 64 matrix at 8 m for the small
foci of activity, but no VC was better than this for the
large abnormalities. There are no stars in Fig. 7, how
ever, showing that no VC produced significantly better
results than the 128 X 128 matrix at 8 m for either size
of abnormality.

Experiment 3. The results from this experiment were
analyzed in exactly the same way as those from the
second experiment.

Variation of detection rate with viewing distance.
Table 4 is analogous to Table 3, although the pattern of
detection rates is less consistent, as might be expected
from a more complex image.

Results from coarse matrices at long viewing dis
tances. Comparisons of results from the 128 X 128
matrix viewed from 8 and 4 m with all other VCs are
shown for individual observers in Figs. 8 and 9, respec
tively. These figures also show the comparisons of the
pooled results of all four observers.

DISCUSSION

Experiment 1. The results in Table 1 show that ob
servers disliked the coarsest matrix (64 X 64) even when

Volume 24, Number 11 I051
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2 3 4 5 6Observer Number 1
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Abnormality

Large

Abnormality
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Small

Abnormality

im 4m 8m Im 4m Sm Im 4m 8m im 4m 8m im 4m 8m im 4m 8m

â€˜arge 64 DOLl @O @DD @DD @D @D

Abnormalit 128@ fl@@@ 0@ 0@ 0@
y 256@OO @E @D @DD @LJ @O

FIG.7. Comparisonof results from viewing 128 X 128 matrix from 8 m with other combinationsof viewingdistanceandpixel size. Test
patternwasof targetsin structurelessbackground,asshownin Fig.2. Symbolsareas in Fig.6.

viewed from 12 m. There was no significant preference
for the 256 X 256 matrix over the 128 X 128, however,
for viewing distances of 4 m or more.

Experiment 2. Table 3 shows that, despite considerable
interobserver variability, the rate of detection of simple
foci of increased activity in a noisy, structureless back
ground generally increased as the viewing distance in
creased up to 8 m. It is expected that there will be a
viewing distance beyond which detectability starts to
decrease [as reported elsewhere (17)], but there was no
evidence that this limit had been reached in this experi
ment.

The object of the experiment was to test whether very
fine matrices were needed to produce the best visual
response. Since the best results were obtained from 8 m

(Table 3), comparisons of the results from the two
coarser matrices viewed from this distance were made
with all other VCs. Figure 6 shows that, for the large
abnormality, a 64 X 64 matrix viewed from 8 m gave
results that were always as good as, and often signifi
cantly better than, those from the finer matrices at any

distance. This was not the case for the small abnormality,
however, for which finer matrices often gave better re
suits.

Figure 7 shows that the 128 X 128 matrix viewed from
8 m gave results as good as, or better than, all other VCs
for both sizes of abnormality. In particular it can be seen
that no improvement was ever obtained by using a 256
x 256matrixatanydistance.Thusit appearsthata 128
x 128 matrixis adequateforthisexperiment,andno
improvement results from the use of a finer one.

Experiment 3. Results from the clinically realistic
images were less straightforward than those from the
simple test pattern. Although there was some overall
improvement in detection rates as the viewing distance
increased (Table 4) particularly for the large lesions, it
was less marked than in the simple case (Table 3). In
deed, Observer 1 detected significantly more small le
sions at 4 m than at 8 m when the two finer matrices were

used.
Figure 8 shows that detection of large vertebral lesions

using the 128 X 128 matrix at 8 m was always as good
as, and often better than, under any other VC. The same
was true for the small lesions when the results from all
four observers were pooled together, but interobserver
variability was such that Observer 1 recorded more
success with the 128 X 128 and 256 X 256 matrices at
4 m than with the 128 X 128 at 8 m.
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lm4mSm lm4mBm lm4m8m lm4mBm lm4mBm lm4mBm

64@D@ @D@@ DO

128000 @D@ D@ O@@
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FIG.6. Comparisonofresultsfromviewing64X 64matrixfrom8mwithothercombinationsofviewingdistanceandpixelsize.Test
patternwas of targets in structurelessbackground,as shown in Fig. 2. Solidcircles (â€¢)indicateworse resultsthan 64 X 64 at 8 m, stars
(*) indicatebetterresults,andemptysquares(0)nodifference(allat95%confidencelevel).
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Observer Number
Combined1

2 3 4 Results

Small

Abnormality

Large

Abnormality

FiG.8. ComparIsonof resultsfrom viewing 128X 128matrIxfrom 8 m with othercombinationsof viewingdistanceandpixel size.Patterns
were clinical bone Images,as shown in Fig. 5. Symbolsare as In Fig. 6.

Observer Number 1

Small

Abnormality

It can be seen from Fig. 9 that the 128 X 128 matrix
viewed from 4 m was adequate for the detection of small
abnormalities. The large vertebral lesions, however, were
perceived better by Observers 1 and 3 on the coarse 64
x 64matrixat8m,andthisisalsotheconclusionwhen
the observers' results are pooled.

There is no reason to suppose that one particular
viewing distance will be optimum for all tasks. When the
comparisons of Figs. 8 and 9 are taken together, however,
it appears that the results from the 128 X I 28 matrix
viewed from both 4 and 8 m could not be bettered by
using a 256 X 256 matrix with any combination of
viewing distances.

CONCLUSIONS

The principal advantage of using digitized images is
the ability of observers to modify the display interac
tively. The disadvantage, however, is the possible loss of
information caused by representing a continuously
varying image by a discrete array of square pixels. So,
whereas consideration of the physical factors limiting

performance of a gamma camera suggests that a 128 X
128 digitization matrix is sufficiently fine for quantita
tive analysis of clinical radionuclide images, this size of
matrix is thought to be too coarse for visual interpreta
tion.

The results of this series of experiments show that
reducing the angle subtended by the image at an oh
server's eye overcomes his subjective dislike of coarsely
digitized images. Furthermore, an image 32 cm square
digitized onto a 128 X 128 matrix and viewed from both
4 and 8 m has been found to be adequate for the detec
tion of metastatic deposits even in images as finely de
tailed as those of the skeleton. In practice this arrange
ment is equivalent to looking at an image 8 cm square
from I m, and then taking one pace backwards and
viewing it from 2 m. By varying the visual angle of the
image in this simple manner, a clinician is more likely
to detect local areas of increased count density.

The results reported here, of course, apply only to
unprocessed images, and whether or not image-filtering
affects these conclusions remains to be seen. In the light
of these experiments, however, digitization of unfiltered

Volume 24, Number 11 1053
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FIG.9. ComparIsonof resultsfrom viewing 128 X 128matrIxfrom 4 m with othercombinationsof viewingdistanceandpixel size.Patterns
were clinical bone images,as shown in Fig. 5. Symbolsare as in Fig. 6.
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Arrangement is explained In Table 3.

images onto matrices finer than 128 X 128 appears Un
necessary for visual interpretation provided appropriate
viewing conditions are adopted. The use of a 256 X 256
matrix does not produce better results, but does increase
the complexity and cost of the imaging process.
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TABLE4. RELATiVERATESOF DETECTiON
OF LESIONSIN CLINICALBONEIMAGES
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