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Background and Objective. Spatial modulation of magnetization (SPAMM) is a valuable magnetic resonance imaging technique for
studying ventricular biomechanics. In order to track the intersection points of the stripes to calculate regional wall motion and strain, the
stripe spacing should be at most half the wall thickness, yet sufficiently larger than the image pixel size in order that the stripes be well
resolved. These conflicting requirements, that the grid spacing be much smaller than the wall thickness yet much larger than the pixel size,
are relatively easy to meet in adult subjects but are difficult in children because of their small size. The purpose of this study was to delineate
the effect of pixel size relative to SPAMM grid spacing on the stripe pattern produced by SPAMM with application towards its use in
children and to present a new approach to the analysis of these images. Methods. We performed SPAMM imaging on a 1.5 Telsa
Siemen’s Vision MR system on a phantom, using an artificial ECG (R—R interval = 450 ms for triggering), holding the pixel size constant
and varying the degree of stripe spacing. We used both square (1 mm) and rectangular (1 mm by 2 mm) pixels. We express the ratio of grid
to pixel size as the ratio of the center-center spacing of the grid lines to the horizontal pixel size. We retrospectively reviewed the SPAMM
images on 10 patients with a ratio of grid to pixel size ~ 4:1 and 10 with a ratio of grid to pixel size ~ 8:1. We further performed SPAMM
imaging in four patients with different grid to pixel size ratios in the same patient. Finally, we tested a new algorithm to track the signal
intense regions rather than the signal poor intersection points of the grid lines, which were compared on three ventricles with SPAMM
tagging. Results. In a phantom, the effect of decreasing the separation between stripes while keeping the resolution of the image constant
changed the stripe pattern from a series of two parallel lines perpendicular to each other to a “checkerboard” pattern. With a relative
grid:pixel ratio of 8:1 as used with adult studies, the dark bands and the crossing points are well defined. As the ratio decreases from 8:1 to
6:1, the black band is less well resolved. When the resolution is reduced further to a grid:pixel ratio of 4:1, the image appears to be a
checkerboard of white and dark squares. This occurred with both square and rectangular pixels. The effect in vivo is similar. When the ratio
is approximately 8:1, all patients demonstrated a stripe pattern as a set of parallel lines perpendicular to each other. When the ratio was
approximately 4:1, all patients demonstrated the stripe pattern as checkerboard. This was found to be the case in the same patient, whether
varying the pixel size by changing the field of view or matrix or by changing the grid spacing. We also found that tracking the signal intense
regions was equivalent to tracking the signal poor intersection points of the grid, and this approach was much easier to
implement. Conclusion. With decreasing ratio of grid spacing to pixel size, SPAMM stripe patterns change from a set of parallel lines
perpendicular to each other to a “checkerboard” pattern. This effect has implications for tracking techniques to determine strain and wall
motion. At smaller ratios, as is needed sometimes in children, it is easier to track the signal intense regions rather than the “intersection”
points of the stripes. Both these approaches to tracking are equivalent.
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1. Introduction cardiac biomechanics such as regional strain and wall motion

(4—7). At a predefined time in the cardiac cycle, a short pulse

Spatial modulation of magnetization (SPAMM) (1-3) is a
valuable magnetic resonance imaging technique for studying
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sequence (“SPAMM pulse™) is used to saturate myocardial
tissue along two sets of parallel stripes that are perpendicular
to each other, generating a grid pattern that is distorted by
tissue motion. Assessment of myocardial motion and
deformation is achieved by tracking the distortion of the grid
between images obtained at successive intervals throughout
the cardiac cycle. Typically, the SPAMM stripe pattern is
generated using a five-pulse sequence (3, 6) that generates
stripes with a thickness about one quarter the stripe spacing.
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The black lines are thus well defined and the crossing points
are used as tracking points.

In order to follow wall thickening as well as wall
movement, the stripe spacing should be at most half the
thickness of the heart wall (ideally, much smaller), yet it
should be sufficiently larger than the image pixel size so that
the stripes can be well resolved. These conflicting require-
ments that the grid spacing be (much) smaller than the
thickness of the heart wall yet (much) larger than the pixel
size are relatively easy to meet in adult subjects, but are
difficult in children.

In adult subjects, the wall thickness of the heart is about 10—
15 mm and can be on average, by some reports, as high as
19 mm (8, 9). Good results can be obtained using stripes with
a thickness about 1.5-2 mm separated by about 6—7 mm
(3, 7, 10, 11). This separation is less than half the width of
the myocardial wall while still significantly greater than the
pixel size of 1 mm. The crossing points of the black lines are
well defined and are used to track and follow the motion of
the heart wall (2, 3, 7, 10).

In children, because the myocardial wall is much thinner,
the situation is somewhat different (4—6). With a typical
thickness of 4—10 mm, the spacing of the lines should be less
than 2—5 mm if wall motion is to be followed. To keep
imaging times short and to obtain useful signal-to-noise
ratios, a matrix size of 128 x 256 is typically used, which
yields a rectangular pixel with dimensions of approximately
1 x 2 mm. Following these guidelines, the grid spacing
would be barely larger than the pixel size, which, as opposed
to the typical grid spacing of 4—5 mm, is impractical. Even
with a grid spacing of 4—5 mm, the pixel size is a significant
fraction of the size of the SPAMM grid.

This study investigates the effect of pixel size, shape and
grid spacing on the SPAMM images and expands on the work
of Peters, Epstein, and McVeigh, which investigated under-
sampled projection reconstruction (12). We hypothesized that
the different appearance of SPAMM imaging in some children
relative to those found in adults is a result of the ratio of the
grid spacing to pixel size (SP) ratio. These findings have
implications to the automatic tracking algorithms used to
analyze these images and this study explored the utility of one
such algorithm. It is very simple to implement and differs
from previous approaches by viewing the SPAMM image as a
series of signal-intense markers (dots) rather than a lattice of
black lines.

2. Methods

2.1. Phantom experiments

A series of studies was performed on a doped, water-filled
phantom. Images of the phantom were obtained using both
rectangular and square pixels, in which the relative size of the
grid spacing and the pixel size was varied by holding the
image pixel size fixed and varying the grid spacing. A 1.5 T
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Siemens Vision and Sonata whole body system was used for
all imaging, using a matrix size of either 128 x 256 or
256 x 256, producing rectangular and square (13) pixels,
respectively. The Siemens image generation software inter-
polates the 128 x 256 matrix so that the final images in all
cases have a 256 x 256 matrix. Conventional SPAMM
sequences were performed as described previously. In brief,
a SPAMM presaturation pulse consisting of two, five-pulse
sequences was applied immediately following the R wave.
The SPAMM pulses used for the different studies were
identical in terms of the flip angles of each five-pulse
sequence (12°, 28°, 42°,28°, 12°) and the timing of the pulses
(0.5 ms pulses every 1.5 ms). They differed only in the
amplitude of the gradients applied in between the pulses used
to control the separation of the grid lines. Then, 12 images
were acquired at 50-ms intervals using a triggered cine
FLASH sequence (TE = 7 ms). An artificial ECG signal with
an R—R interval of 450 ms for the triggering was used during
phantom experiments. The head coil was used in this
experiment. Bandwidth was 260 Hz/px. No segmentation
was used.

The SP ratio was expressed as the ratio of the center—
center spacing of the grid lines to the horizontal pixel size.

2.2. Patients

We retrospectively examined the ventricular short-axis
SPAMM images obtained from a total of 20 patients with
various forms of congenital heart disease who underwent
MRI imaging at The Children’s Hospital of Philadelphia from
January, 1995—December, 2000. Ten patients had SPAMM
imaging with an SP ratio of 7—8 and 10 patients had SPAMM
imaging with an SP ratio of 3—4. In addition, ventricular
short-axis SPAMM imaging scans on four patients with
congenital heart disease were performed by varying the SP
ratio by changing the field of view and grid spacing in the
same patient. Subjects’ ages ranged from 2 months to 15
years with a mean (£ standard deviation) of 4.3 + 4.1 years.
Heart rates were 110 = 41 beats per minute. Subjects had to
be able to undergo a 1-hour magnetic resonance imaging scan
under sedation. All patients were in normal sinus rhythm and
had no evidence on surface ECG of altered electrical
activation. No patient had any arrhythmias that precluded
study in the scanner. Imaging parameters were nearly
identical to the ones used in the phantom described above.
Both head and body array coils were utilized. No segmen-
tation was used. Patients did not use breath holding and the
number of averages = 3. If <7 years old, patients were
sedated as per hospital protocol (Institutional Review Board
approval was obtained).

2.3. Tracking algorithm

The algorithm exploits the fact that it is simpler to determine
the position of one of the white dots by finding a local
maximum than to determine the crossing points of the black
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lines—which is a ‘“saddle.” We currently define the
“position” of the dot as the pixel in an interpolated,
smoothed image that has the maximum intensity. However,
it is easy to use other algorithms for defining the position of
the dot, such as finding the centroid. All that is necessary for
the dot-position-algorithm is that it can begin with any
coordinate and determine the “position” of the nearest dot.

In our application the original images with a 256 x 256
matrix are expanded to a 1024 x 1024 matrix. They are then
smoothed with a filter that approximates the shape of the dots.
The exact shape of the kernel is not critical. We use an
11 x 11 filter generated from the cross-product of the vector
(1,2,3,4,5,6,5,4,3,2,1) and its transpose.

The computer displays the first expanded, smoothed image
of the set, and the user indicates each white dot in the region
of interest by means of a cursor. The user does not have to
indicate the center, merely any point that is clearly on the
selected dot. As each dot is indicated, the computer tracks its
position through all the images by iterating the following
two steps:

1. The position of the dot is found. We currently search the
pixels surrounding the start point, to determine the position
of the closest local maximum intensity.

2. This position is registered as the position of the dot on that
image, and is then used as the starting point for the
position search on the next image.

The algorithm works excellently for dots that are clearly
distinguished in every image of the series, but suffers from
the same disadvantage experienced by any technique that
relies on local features for tracking. Features (dots) that
are clear on the initial images can smear with time and
disappear on later images of the series. Nonetheless, a
human operator can still sometimes recognize the positions
using multiple complex features such as inflection points
and general features of the surrounding image. We therefore
make provision for the user to edit the results of the auto-
matic tracking manually, to add, remove, or to adjust the
positions of points.

We compared the results of automatic tracking with manual
analysis on three ventricles with SPAMM imaging from the
patient population described above.

3. Results

3.1. Phantom experiments

An image with an SP = 20 (grid spacing of 20 mm and pixel
size of 1 x 1 mm) is shown in Fig. 1A. The matrix of
orthogonal dark bands is clearly visible. The light line
running along the center of the dark band arises from the use
of a pulse sequence that gives a total excitation flip angle of
122° along that line, so the magnetization at the center of
the band is partially inverted but appears bright in a mag-
nitude image.

435

Phantom Study:

Grid spacing=
20 mm

Square pixels=
1mm x 1mm

Phantom study
Effect of Grid Spacing:Pixel Size (SP) - Integer Values

Matrix = 256 x 256 Pixel Size = 1mm x 1mm

R s

Matrix = 128(v) x 256 (h) Pixel Size = 1mm (h) x 2 mm(v)

Grid Spacing:Pixel Size (SP)

Phantom study
Effect of Grid Spacing:Pixel Sizes (SP) - Non-Integers Values

Matrix = 256 x 256 ) . Pixel Size = 1mm x 1mm
: ¥ |
i i -
. J v 1
Matrix = 128(v) x 256 (h)

111 8.9 6.7 5.5 44 3.3
Grid Spacing:Pixel Size (SP)

Pixel Size = 1mm (h) x 2 mm(v)
| - .

Figure 1. Phantom experiments. (A) A high resolution image of the
grid spacing with SP = 20 (grid spacing of 20 mm and pixel size of
1 x 1 mm). The matrix of orthogonal dark bands is clearly visible.
(B and C) Images obtained using a square pixel with varying
resolution are shown in the top row of images of the figures and
rectangular pixels are shown in the bottom row of images. This is
demonstrated for both integer (B) and noninteger (C) values of SP.
Clearly, when an SP value of 8 typical of adult studies is used, the
crossing points of the dark bands are still well defined even though
the white stripes along the center of the black band are no longer
resolved. However, when SP is decreased to about 4 as needed for
studies with small children, the image appears as a checkerboard of
white and dark squares. The images indicate the expected result
that for a given SP ratio, the rectangular pixels do appear more
checkerboard-like than the equivalent image obtained with
square pixels.
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Images obtained using a square pixel with varying
resolution are shown in the top row of images of Fig. 1B
and 1C, and confirm the phenomenon seen in vivo. When an
SP value of 8 typical of adult studies is used, the crossing
points of the dark bands are still well defined even though the
white stripes along the center of the black band are no longer
resolved. With decreasing SP (i.e., 6), the black bands appear
to be transitioning to a geometry other than two sets of
parallel lines perpendicular to each other. When SP is
decreased to about 4 as needed for studies with small
children, the geometry of the tags appears as a well-defined
checkerboard of white and dark squares.

The effect of using rectangular pixels instead of square
pixels is shown in the lower set of images in Fig. 1B and 1C.
The SP for the rectangular pixel is defined using the shorter
(horizontal) dimension of the pixel. The results are similar to
those seen using a square pixel (top row of images in Fig. 1B
and 1C). An SP of approximately 8 produces images in which
the black bands are still clearly recognizable as bands.
However, as SP decreases to about 4, the bands become
broader to the point that the image appears to be checker-
board. Although we have made no attempt to quantitate the
“degree of checkerboardness,” the images do indicate the
expected result that for a given SP ratio, the rectangular pixels
do appear more checkerboard-like than the equivalent image
obtained with square pixels.

3.2. In vivo studies

In our retrospective review (Fig. 2), the average SP ratio in
the SP 7—8 ratio group was 7.4 + 0.46 and was 3.8 + 0.76 for
the SP 3—4 ratio group (ratios of 3—4). In all patients in the
SP 7-8 ratio group, the SPAMM grids were in the form of
two sets of parallel stripes perpendicular to each other, and in
the SP 3—4 ratio group, all patients demonstrated SPAMM

| In-Vivo Retrospective Review |

*10 pts with SP 7-9 (7.4+0.46)
®All pts === 2 sets of parallel
lines perpendicular to each other

*10 pts with SP 3-5 (3.8+0.76)
®All pts === “Checkerboard”
pattern

Single LV, S/P Fontan
SP=7.6

Single LV, S/P HemiFontan
SP=4.0

Figure 2. Retrospective review of SPAMM studies. The images
shown are representative of the groups as a whole. A high SP ratio
example is demonstrated on the left while a low SP ratio is
demonstrated on the right. Both patients are single left ventricle
(LV) patients; however, the one on the left is status post (S/P) a
Fontan operation while the one on the right is after a hemiFontan
procedure. Pt = pateints. All values are mean + standard deviation.
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Figure 3. Series of SPAMM sequences in the same patient. With
rectangular pixels (A), it is evident that at an SP = 8 (upper right), a
group of parallel stripes perpendicular to each other is seen while at
an SP =4 (upper left and bottom), a checkerboard pattern is
produced independent of the grid spacing and field of view. With
square pixels (B), an SP of 8 (upper left) or 4 (upper right and lower
left) produced a group of parallel stripes perpendicular to each other,
while at an SP of 2 (lower right), this became a checkerboard
pattern. This was independent of grid spacing and field of view like
the rectangular pixels in (A) and is consistent with our phantom
observations in Fig. 1. A side-by-side comparison of rectangular to
square pixels is made for a given SP (C), by simply changing the
matrix. It is seen from this that rectangular pixels become more like
a checkerboard than square pixels for an equivalent SP.
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grids in the form of a checkerboard pattern. Figure 2
demonstrates a typical example from each group. TR ranged
from 25—-70 msec, TE was 7 msec, FOV ranged from 160—
300 mm, slice thickness ranged from 4—7 mm.

Figure 3A—C demonstrate the typical findings in the group
of patients who had multiple SPAMM sequences applied at
two SP ratios by varying the grid spacing and the field of
view (FOV). With rectangular pixels (Fig. 3A), it is evident
that at SP = 8, a group of parallel stripes perpendicular to
each other is seen while at SP = 4, a checkerboard pattern is
produced independent of the grid spacing and field of view.
With square pixels (Fig. 3B), an SP of 8 or 4 produced a
group of parallel stripes perpendicular to each other, while at
an SP of 2, this became a checkerboard pattern. This was
independent of grid spacing and field of view like the
rectangular pixels and is consistent with our phantom
observations that rectangular pixels become more like a
checkerboard than square pixels for an equivalent SP. This is
readily seen in Fig. 3C, where rectangular and square pixels
are compared side by side for a given SP by simply changing
the matrix.

3.3. Tracking algorithm

Figure 4 is an example of manual tracking of the intersection
points and automatic tracking of the signal intense region
from the same patient. Figure 4A displays the results of
manual tracking that was performed in the conventional
manner by tracking the position of the intersections of the
black lines on images that were interpolated but not
smoothed. Figure 4B displays the results of automatic
tracking that tracked the positions of the white dots. The
crosses and squares indicate the positions of the tracked
features in the first image while the tail projecting from each
dot is the track of the positions of the feature in the following
images. There are positions where an expected dot is absent
from the automatically tracked data. This absence is due to
the fact that a dot that is clearly visible in the first image is not
discernible in the last image. The tracks from such dots are
easy to identify because they either merge with an adjacent
track or travel to an obviously erroneous position. The
operator can delete such dots from the data set. Other than to
delete spurious tracks, the automatically tracked data of
Fig. 4B has not been edited.

The manual and automatic data sets are very similar, but
because they track different features, it is not possible to
perform a direct point-by-point comparison. To compare the
two methods, we have made an assumption that the
displacement of any dot measured automatically between
the first and last images, Da, should be approximately the
same as the average displacement of the four adjacent line-
intersection points measured manually, Dm. We therefore
analyzed the movement of all dots for which there are four
surrounding crossing points that could be measured manually.
The relationship between the automatic and manual displace-
ments is plotted in Fig. 5A. The correlation between the
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Figure 4. Manual tracking of intersection points (A) vs. automatic
tracking of white dots (B). The crosses and squares indicate the
positions of the tracked features in the first image while the tail
projecting from each dot is the track of the positions of the feature in
the following images.

displacements derived from manual and automatically tracked
SPAMM points is excellent.

Dm =1.02x*Da+ 0.05r = 0.98

The Bland and Altman (14) plot shown in Fig. 5B compares
the differences in the displacements, (Da — Dm), with the
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Figure 5. Comparison of manual tracking of intersection points vs.
automatic tracking of white dots. (A) This scatter plot compares
both techniques using linear regression and Pearson correlation
(Dm = 1.02 * Da + 0.05, R = 0.98) (B) Bland-Altman plot of the
difference between displacements with the average displacement.

average displacement, (Da + Dm)/2. It is readily seen that the
variations between the measurements are independent of the
displacement. The root mean square value of the difference is
0.41 mm.
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4. Discussion

The differences we have noted at various SP ratios are
applicable to the problem of SPAMM tagging in children.
Both pixel sizes and grid tag spacing are smaller in children
than in adults for the obvious reason that children are smaller.
However, the decrease in grid tag spacing needs to be greater
than the decrease in pixel size when SPAMM tagging is
performed in children. Imaging small ventricular walls
requires that the pixel size be large relative to the SPAMM
stripe spacing (e.g., | mm:4 mm.). This study quantifies this
phenomenon as the SP ratio.

The “checkerboard” SPAMM tagging phenomenon is not
new. Thomsen reported two methods of obtaining this kind of
pattern by altering SPAMM pulse sequences using two
orthogonal gradients in the same sequence (15). The actual
images appear similar to the ones reported in this study,
although in our study, the typical SPAMM sequences were
not altered; the checkerboard pattern was produced just by
changing the pixel size and grid spacing.

Peters, Epstein, and McVeigh examined the results of
myocardial wall tagging with undersampled projection
reconstruction (12). In their phantom experiments, by keeping
the field of view and grid spacing constant and decreasing
the matrix size in one dimension (essentially decreasing the
SP with a rectangular pixel shape), they demonstrated that
the grid tagging changed from two sets of parallel stripes
perpendicular to each other when the “number of views” are
reduced from 256 to 64.

Our work expands on previous studies in the literature in a
number of ways:

« Our study shows this phenomenon’s clinical applicability to
pediatrics because of the smaller size of the heart in children
and the technical limitations imagers have to work under in
present commercial MRI scanners.

+ Children have unique requirements in myocardial tagging,
and we used no special pulse sequence algorithms as the
works of Peters et al. (12) and Thomsen (15) did to obtain
our findings.

+ In addition to in vitro work, we retrospectively reviewed
our experience with 20 children where the works of
Peters et al. (12) and the Thomsen (15) only had one in
vivo study.

« We quantify our results in pixel size to grid spacing ratio,
terms that are in general use and easily available in
commercial scanners.

+ Our study investigates pixel shape in addition to size and
grid spacing.

In the SP = 20 image, we demonstrated that a light line ran
along the center of the dark band. It was postulated that this
arises from the use of a pulse sequence that gives a total
excitation flip angle of 122° along that line, so the mag-
netization at the center of the band is partially inverted



SPAMM in Children and Image Resolution

but appears bright in a magnitude image. This progressive
loss of definition of the sharp black line is to be expected
because signal intensity is averaged over the area of each
pixel. The pixel can therefore be thought of as a smoothing
and sampling filter. The smoothing operation spreads any
sharp features (the grid lines) in space and makes them appear
broader. As the pixel becomes a larger fraction of the object
(the unit cell of the grid), the broadening of the sharp lines
becomes greater.

4.1.

There are two ways in which SPAMM imaging in
children may be dealt with when confronted with the
“checkerboard” pattern:

Potential solutions

1. Alter image generation: Two different approaches may
improve the tagging methods described in this manuscript.
In one, two complementary sets of tags can be created in
different directions with the tag placed in the high
resolution read-out direction where information from both
sets are combined during tag analysis (16). The other
approach may be to use the technique of undersampled
projection reconstruction as described by Peters et al. (12)
referenced earlier.

2. Alter the algorithm used to analyze the images: The
change in the structure of the SPAMM grid has rami-
fications for the algorithms used for automatic tracking of
the myocardial tags. The algorithms for finding the
positions of the crossing points of the black lines, and
for tracking them between images can be relatively com-
plex and difficult to implement. It seems inappropriate to
use algorithms that track the crossing points of narrow
black lines when no such lines appear in the image.
Simpler algorithms, as has been demonstrated in this stu-
dy, can be developed to utilize the center of the white dots
for tracking. Automatic tracking algorithms are likely to be
most successful when they track the sharpest salient fea-
ture of the image, and in the SP 3—4 ratio images, the
salient features are the white dots.

The novel feature in the tracking algorithm described in
this study lies in viewing the SPAMM image as a series of
white dots rather than a series of black lines. Conventional
manual and automatic techniques track the crossing points of
the black lines that are designed to be narrower and sharper
than the white intervening region (7, 17). The sharpness of the
lines aids a human operator to position the crossing points
accurately. Nonetheless, we have chosen to follow the
movement of the centers of the white dots because of the
ease with which a dot can be made to have a defined
maximum by using a simple smoothing filter. Conventional
image processing wisdom dictates that the filter kernel should
be matched to the shape of the dot. But the dot shape changes
during the period of the study due to strains in the heart, to T1

439

relaxation and to diffusion effects (10), so no single kernel
can be matched to all the dots on all images. We find that any
broad kernel approximating the size and shape of the dot is
suitable. The dot’s “position,” as defined here, will rarely lie
at the center of the lattice cells defined by the black lines,
because variation in the intensity of the underlying image
modulates the intensity distribution within the dot. Nonethe-
less, the position is well defined and can be followed from
image to image. Since the strain-analysis routines make no
assumptions about where on the heart the tracked points
originate, tracking the positions of the white dots is equivalent
to tracking the black cross-over points.

Comparison of the manual and automatic tracking methods
presented in Figs. 4 and 5 indicates that accuracy of the
automatic tracking routine is at least as good as the manual
method. The root mean square, variation in the displacements
of about 0.5 mm, should be considered upper limits because
they incorporate both the errors in measurements per se, and
errors in the assumption that the displacement of a feature is
equal to the average displacement of the four surrounding
features. The variations are in the same range as the values of
0.5 to 1.0 mm for an automatic “snake” analysis (7), and are
significantly less than the resolution (1.25 mm x 2.5 mm)
with which the images were acquired.

It is to be expected that an algorithm as simple as this does
not have the ability to track all the features that can be followed
by a skilled operator. Nonetheless, it is easy to implement, easy
to use, as accurate as our current manual method, and serves to
reduce most of the effort required by a completely manual
technique. In normal use, the automatic tracking is supple-
mented by some manual editing by the operator.

The current demonstration of the automatic tracking
routine made use of images acquired with pulse sequences
designed to give narrow dark lines specifically for optimal
tracking of the cross-over points. The profile of the white dots
produced by this sequence is probably not the best profile for
tracking the dots using a simple smoothing filter. Simple
sinusoidal profiles generated by two pulses will be fast and
easy to apply and may generate a dot profile that gives more
accurate positions when tracked automatically. However, the
sequence designer must bear in mind the fact that the
automatic routines cannot yet track as many points as can a
practiced human operator, and that supplemental manual
tracking will still be necessary.

5. Conclusion

SPAMM tagging using the same pulse sequence may result in
either: 1) two sets of parallel lines perpendicular to each or
2) a “checkerboard™ pattern. The pattern is a function of the
grid-spacing to pixel size ratio (SP), which must be interpreted
in light of the pixel shape (square or rectangle). For both
square or rectangular pixels, the higher the SP, the more the
patterns resemble two sets of parallel lines perpendicular to
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each (e.g., SP > 8). As the SP decreases, the pattern in-
creasingly becomes more like a “checkboard” (e.g., SP < 4).
As the SP decreases, rectangular pixels qualitatively seem to
become more ‘““checkerboard-like”” quicker than square pixels.

Knowledge of this phenomenon is useful when applying
SPAMM tagging techniques in children, where the pixel size
makes up a significant portion of the grid spacing. Ad-
ditionally, the two patterns have implications for automatic
tracking algorithms used to analyze these images. At smaller
ratios, as is needed sometimes in children, it will be necessary
to track the signal-intense regions rather than the “intersec-
tion” points of the stripes. We have demonstrated such an
algorithm in this study.
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