
has to be reorientated after the reconstruction ofthe trans
axial sections. Usually, this is achieved by manual selection
of the LV long-axis on the transaxial and sagittal sections
(11,12). This procedure is sometimes difficult for the
operator and the resulting reproducibility is poor. Re
cently, it was demonstrated that incorrect selection of the
LV long-axis can produce significant artifacts and that the
quantitative analysis can be misleading because of incor
rect reangulation (13,14). Therefore, a more sophisticated,
automatic method is necessary to obtain satisfactory
oblique angle tomograms and reliable quantitative results.

Recently, a method for automatically centering brain
tomograms was developed (15). Unfortunately, although
some attempts have been made (9), an automatic method
for myocardial tomography is still not yet available, prob
ably because of its inherent difficulty due to geometrical
assymetry of the cardiac spatial location and myocardial
volume distribution.

We describe a semi-automatic nongeometrically-de
pendent method for LV long-axis reorientation of 201Tl
myocardial tomograms and report its results in a prelimi
nary clinical application.

MATERIALS AND METHODS

Theoretical Background
The LVshapecan be approximatedbyan ellipsoid(l 7),whose

long-axis is rotated to the left (horizontal angle, HA) (Fig. la)
and downwards (vertical angle, VA) (Fig. Ic). To reconstruct
oblique angle tomograms perpendicular to the LV long-axis or
short-axis, the LV long-axis has to be reorientated, i.e., these
horizontal and vertical angles must be defined and corrected.
Presently, this processing is usually performed by manual selec
tion of the LV long-axis, co-ordinate transformation and appro
priate interpolation (11).

Mathematical morphology allows the image ofan object to be
transferred into its skeleton. This structure is a set of adjacent
points (18â€”20).The skeletonof a midventriculartransaxialslice
is horse-shoe shaped with two curved sides, the septum and lateral
walls. Therefore, the medial axis should be in the middle of the
segment perpendicular to the medial axis and intercepting with
both the septal and lateral walls.

A method is describedfor reonentatingthe left ventricular
(LV) long-axis from myocardial transaxiai tomographic data.
On a midventricular tranSVerSe slice and on a midventricular
sagittal slice, the apical and basal limits are se@cted succes
sively by the operator. The linear activity profiles between
these two limits are plOtted line by line. In each profile, the
two points with the maximum counts in the septal and lateral
walls on the transverse slIce, or in the anterior and inferior
walls on the sagittal slice, are detected. The intermediate
point with the minimum counts is then determined. The set
of points with minimum counts are fitted by a straight line
using the least squares method. This line is taken as the LV
long-axis. In a series of 15 cases with stress-delayed @Â°1Tl
SPECT, the reproducthilityof the reorientationwiththissemi
automatic method was compared wfth manual selection of
the LV long-axis. In all patients, a successful reorientation
was Obtained With the present method. The reproducibility
was significantly better with the semi-automatic method than
with the manual selection of the LV long-axis.

J NucIMed 1991;32:1794â€”1800

hafflum-201 myocardial SPECT is now widely ac
cepted for the diagnosis of coronary artery disease (CAD),
qualitative and quantitative evaluation of the extent and
size of myocardial infarction and ischemia, as well as
evaluation of myocardial viability (1-8). Anatomically,
the main axis, or long-axis, of the left ventricle (LV) is
rotated to the left and downwards, and the transaxial
tomograms may not provide sufficient information about
the anatomic relationship of the myocardial segments.
Since the LV tracer distribution is grossly symmetrical
when represented on short-axis sections, they have become
the most popular way for displaying myocardial tomo
grams. Most ofthe quantitative analysis methods are based
on this representation. This means that the LV long-axis
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FIGURE1. TheanglesbetweentheLVlong-axisandbodyprincipleaxis(seetext).

In practice, the media point is very difficult to define geomet
rically, but fortunately, a linear profile (ordinate-counts) can be
easily obtained (Fig. 2câ€”d).On the profile, the two peaks with the
maximumcounts can be consideredas representingthe location

of the LV septal and lateral walls on a transverse section (Fig. 2c)
or as the anterior and inferior walls on a sagittal section (Fig. 2d).
We postulate that the straight line fitted by the set of points with
the minimum counts from the linear profiles on a midventricular
slice approximates the LV medial or long axis.

FIGURE2. Thecreationofprofile,thedetectionofthepeaks
and the nadir in profile,and the reorientationof the LV long-axis
from transaxialand sagittal slices(seetext).
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Data Acquisition and Reconstruction of Transaxial
Tomograms

A series of 32 views (30â€”40sec each) were acquired stepwise
along a l800 arc extending from the right anterior oblique (RAO)
to the left posterior oblique (LPO) projection. A large field of
view scintillation camera equipped with a low-energy all-purpose
collimator and interfaced to a dedicated computer were used for
data acquisition. The energy window is set to 25%, centered on
the 69â€”83keV x-ray. All projections were acquired and stored as
64 x 64 x 16bit matrices.

Transaxial tomograms are reconstructed using a routine fil
tered back projection algorithm with the Hamming/Hann filter.
No attenuation or scatter correction were used.

Reorientation of the Transaxial Sections and
Reconstruction of the Sagittal Sections

The heart was manually centered, and the views were zoomed
by a factor of 2.0 and interpolation. The values of the pixels out
of 75% of the center of the images were set to zero.

To correct for the HA, the following procedure was used.

I. The midventricular slice (with largest cavity) was manually
selected by the operator and 10% of the maximum counts
were substracted from each pixel. The slice was then rotated
counterclockwise by 67.5Â°,and the 64 x 64 matrix was
interpolated to a 128 x 128 format (Fig. lb, Fig. 2a).

2. The apical limit was set to the endocardial border of the
LV apex and the basal limit was defined to the basal
position ofthe LV by the operator. If, in these profiles, the
peaks of activity representing to the myocardial walls and
the nadir representing to the cavity could not be detected
by the sequent algorithm, the operator was instructed to
reset the limits.



3. For each line between the apical and basal limits, the linear
profile was plotted, represented as coordinate versus counts
(Fig. 2c). In each profile, the two peaks, respectively rep
resenting the septum and lateral walls, and the nadir, i.e.,
the point with minimum counts in the cavity,were auto
matically detected (21) (Fig. 2c).

4. The obtained set of points with minimum counts from
each profilewerefittedwith the leastsquaresmethod by a
straight line (using y = ax + b, where a was the slope of
the fitted line and b the intercept on the y-axis ofthe fitted
straight line in the transferred coordinate).

5. The horizontal angle was calculated. Since a constructed
midventricular transverse slice (Fig. la) was already rotated
by 67.5Â°(Fig. lb). In Figure lb, A was the angle between
LV long-axisand a line parallelto the y-axis,so:

HA = 67.5Â°â€”A.

The midventriculartransaxial slice(Fig. la)and the rotated
slice (Fig. ib) were separately transferred to a new coordi
nate system(Fig. lcâ€”d),i.e., counterclockwiserotated by
90Â°.In Figureic,BistheanglebetweenLV long-axisand
the x-axis. In Figure id, C is the angle between the LV
long axis and a line parallel to the X-axis. Therefore:

HA = B,and A = C

We can then find the followingequation:

HA = 67.5Â°â€”C.

From the previousprocedures,weknowb wasthe slopeof
the fitted straight line (Fig. ld), b = Tan(C), therefore, C =
Tan@ (b). Therefore, the HA could be calculated according
to the following equation:

HA = 67.5Â°â€”Tan@(b).

AfterobtainingHA,the transaxialsliceswererotatedcoun
terclockwise by the calculated HA with appropriate inter
polation(Fig.2e).

6. The sagittal tomograms were reconstructed from these
rotated transaxial slices.

For reonentating the LV long-axis in sagittal tomographic
slices and reconstructing oblique angle tomograms, the algorithm
is similar to that in transaxial slices. Briefly, the midventricular
sagittal tomographic slice is selected by the operator, 10% of the
maximum imaging counts are substracted from each pixel and
both the apical and basal limits are set by the operator. For each
line between the apical and basal limits, a profile is automatically
created. The peaks, respectively representing the anterior and
inferior walls and the nadir between the two peaks are detected
(Fig. 2d). In sequence, the set of medial points with minimum
counts on each profileare fittedby a straightline usingthe least
squaremethod.

The midventricular sagittal slice (Fig. le) is transferred to a
newcoordinate(Fig. 10, i.e., rotatedcounterclockwiseby 90Â°.In
Figure lf, D is the angje between LV long-axisand the x-axis,
Therefore:

VA = D - 900.

From the previous procedure, we know that b is the slope of the
fitted straightline (Fig. lfl (b < 0), b = Tan(D), therefore,D =

Tan1(b). Therefore,the verticalanglecan becalculatedaccording
to the following equation:

VA = Tan1(b) â€”90Â°,or VA = Tan@(abs(b)).

All the slices are rotated clockwise by the calculated vertical angle
with appropriate interpolation (Fig. 2f). The rotated sagittal slices

correspond to the vertical long axis tomograms. The horizontal
long-axisand short-axis tomograms are reconstructed by the
routine reconstruction algorithm.

Preliminary Clinical Study
To evaluatethe capabilityofthe presentmethod,it wasapplied

to 30 myocardial tomographic studies of 15 consecutive patients
who underwent routine stress and delayed 201Tlmyocardial to
mography (Table 1).

The results obtained with the method describedabove were
compared with a manual selection of the LV long-axis. The
reconstructed oblique angle tomograms were assessed by two
experienced nuclear cardiologists. To test the reproducibility of
the manual and present method, all procedures were performed
by an experienced operator at two separate times. The rotated
horizontal and vertical angles obtained by two methods were
recorded. All procedures were repeated by another experienced
operator and the rotated horizontaland verticalanglesobtained
by the two methods were recorded for analysis.

Statistical Analysis
All data are presented as means and standard error of means

(s.e.m.). The linear regression was applied to test the intra- and
inter- observer reproducibility, the correlation coefficient (r) and
standard error of estimate (s.c.m.) were determined. The signifi
cance of the correlation was tested by the F-ratio test. The
difference ofintraobserver and interobserver reproducibility stud
ies are presented by the absolute value of the mean difference
and standarddeviation(s.d.).The differencesbetweenthe paired
data were tested by the paired t-test. Significance was assessed at
the p < 0.05 level.

RESULTS

A successful definition of the LV long-axis from the
transverse and sagittal tomograms was obtained in all cases
with the present method. The determined HA and VA
with the manual selection of the LV long-axis and with
the present method are summarized in Table 2. The
differences in the determined HA and VA between the
stress and delayed images of individual patients both by
the present method and by manual selection of the LV
long-axis are significant (Table 2).

lntraobserverAgreement
For the determination of horizontal angle from the

transaxial slice, the intraobserver agreement was excellent,
r = 0.99 (p < 0.001) and r = 0.98 (p < 0.001) with the
present method, while less satisfactory with the manual
method, r= 0.83 (p 0.001) and r= 0.71 (p 0.001).
s.e.c. values of the present method were lower than those
with the manual selection of the LV long-axis (Table 3).
The values of the horizontal angle by the present method
were greater than with a manual selection of the LV long
axis.
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Patient
no.Sex/AgeLocation

of
defect*Size of defectRedistributionPreviousMl1M/67Ant,

Sep.ApLarge+no2F/31lnfMediumâ€”no3M/55lnfMediumâ€”no4M/58no

defectno5F/66ApSmallâ€”no6M/42AntMedium+no7F/67no

defectno8M/61Ap,
lnfLarge+yes9M/56lnfLargeâ€”no1

0M/40lnfLargeâ€”no1
1M/59lnfLargeâ€”no1
2M/61Ant,lnfMedium+no13M/70ApMediumâ€”no14M/42Sept,

lnfMedium +Large+yes1
5M/63Ap,lnfMediumâ€”no0

Sept = septal; Ant= anterior; Ap = apical; and lnf= inferior.

TABLE2Values
of the HorizontalAngle(HA)and VerticalAngle(VA)Determined by ManualSelection of the LVLong-Axis(MS)andby

the PresentMethod(PM)(n = 30)andthe Differencesin the CalculatedHA(DHA)andVA(DVA)BetweenStressandDelayed
Imaging(n =15)HA

DHA VADVAMSOperatorlA

40.9Â±0.7 3.9Â±O.8@ 20.8Â±1.9 6.1Â±l.O@Operator

lB 41.4Â±1.0 5.4 Â±O.9@ 18.7Â±2.2 6.6 Â±l.2@Operator
2A 40.5 Â±1.4 6.4 Â±1.5@ 16.0 Â±1.8 3.3 Â±0.9kOperator
2B 38.3Â±1.6 5.5 Â±l.O@ 13.9Â±2.0 5.0 Â±l.O@PSOperator

1A 48.7Â±1.4 5.5 Â±1 4* 14.4Â±1.6 4.6 Â±0.8@Operator
lB 48.8 Â±1.4 5.3 Â±1.4* 14.0 Â±1.6 4.7 Â±O.8@Operator2A

47.9Â±1.4 5.4Â±l.3@ 14.0Â±1.8 4.9 Â±1.O@Operator2B
47.8Â±1.4 5.2Â±1.5*13.7Â±1.80p<0.01.t

p <0.001.Operator

1 and2 performedtwo measurements(AandB).

TABLE I
Description of the Patient Population (n = 15)

For the determination of vertical angle from the sagittal
slice, the intraobserver agreement was also good r = 099
(p < 0.001) and r = 0.98 (p < 0.00 1) with the present
method, which improves slightly from the manual method,
r = 0.92 (p < 0.001) and r = 0.92 (p < 0.001). But s.e.e.
values ofthe present method were much smaller than with
the manual selection of the LV long-axis (Table 3). The
values of vertical angle by the present method was smaller
than by a manual selection of the LV long-axis.

Interobserver Agreement
For the determination of the horizontal angle in the

transaxial tomographic slices, the interobserver agreement
was excellent, r = 0.94â€”0.95(p < 0.001) with the present
method, while less satisfactory with the manual method, r
= 0.70â€”0.83 (p < .001), and s.e.e.s were smaller with the

present method (Table 4).

For the determination of vertical angle in the sagittal
tomographic slices, the interobserver agreement was also
excellent, r = 0.95â€”0.96(p < 0.001) with the present
method, while not as good with the manual method, r =
0.78â€”0.80(p < 0.001) (Table 4).

DISCUSSION

The technique presented in this paper provides a more
reproducible reorientation of stress and redistribution
myocardial tomograms than a manual method in a wide
variety of defects. It can be advantageous to redisplay
three-dimensional tomographic data in new orientations
(1 1). Recently, re-orientation has also been used in brain
studies (15). The advent of quantitative analysis of myo
cardial SPECT requires correct registration of the spatial
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TABLE3lntraobserver
Reproducibility of Operators 1 and 2 for Determination of the Horizontal Angle (HA) and Vertical Angle (VA)byManual

Selection of the LV Long-Axis (MS) and by the Present Method (PM) (n =30)Difference(mean

Â±s.d.) r see. RegressionequationHAOperator

1 MS 0.40 Â±3.89 0.72 3.96 y = 0.689 +0.896xPM
0.10Â±1.18 0.99 1.19 y= 1.211+0.977xOperator

2 MS 2.20Â±4.80* 0.83 4.80 y = 1.994+0.986xPM
0.03Â±1.38 0.98 1.19 y = 1.419+0.971xVAOperator

1 MS 2.07Â±4.88* 0.92 4.92 y = â€”3.257+ 1.057xPM
0.33Â±1.03 0.99 1.04 y=0.195+0.990xOperator2

MS 2.l7Â±4.ll@ 0.91 3.82 y=0.567+0.830xPM

0.30Â±2.18 0.97 2.22 y = â€”0.212+0.994x0

p <0.05.tp.<O.Ol.

TABLE 4
Interobserver Reproducibility for Determination of the Horizontal Angle (HA) and Vertical Angle (VA) by a Manual Selection of

the LVLong-Axis(MS)and the Present Method (PM)(n =30)Difference(mean

Â±s.d.) r s.e.e.RegressionequationHAMS

Operator 1A-2A 0.43 Â±5.03 0.83 4.49y = â€”24.587+1.591xOperator
1A-2B 2.63Â±6.16* 0.73 5.89y = â€”23.831+1.518xOperator
1B-2A 2.20Â±4.80* 0.70 5.70y = 0.328 +0.970xOperator
1B-2B 3.10Â±S.S2@ 0.76 6.15y = â€”9.403+1.152xPM

Operator 1A-2A 0.83 Â±2.74 0.94 2.73y = 2.722 +0.927xOperator
1A-2B 0.80Â±2.48 0.95 2.45y = 2.830 +0.926xOperator
1B-2A 0.93Â±2.43 0.95 2.44y = 1.493 +0.950xOperator
1B-2A 0.90Â±2.34 0.95 2.33y = 1.975 + 0.941xVAMS

Operator1A-2A 4.73Â±5.37@ 0.86 5.06y = â€”0.776+0.809xOperator
1B-2A 6.90Â±6.88* 0.78 5.69y = â€”0.060+ 0.671xOperatorlB-2A

2.67Â±6.27* 0.85 5.78y=3.023+0.696xOperator
1B-2B 4.83Â±7@46@ 0.79 5.63y = 2.929+0.585xPM

Operator1A-2A 0.33Â±2.76 0.96 2.72y = 1.463 + 1.079xOperator
1A-2B 0.63 Â±3.10 0.95 3.05y = â€”1.921+1.090xOperator
1A-2A 0.00Â±2.85 0.96 2.82y = â€”1.091 + 1.078xOperator
1B-2B 0.30 Â±3.00 0.96 2.94y = â€”1.659 + 1.097x0p<005t

p <0.01.tp<0.001.Operator

1 and2 performedtwo measurements(AandB).

position of the heart. Of course, correct selection of the
LV long-axis is essential.

It has been demonstrated that if the LV long-axis is
selected incorrectly from either the transaxial or sagittal
tomographic slices, the geometry of the reconstructed or
thogonal slices can be distorted (13). Consequently, the
sensitivity and the specificity of myocardial tomography
could be lowered. Therefore, correct reorientation of the
LV long-axis is ofcritical importance, and clinicians await
the development of a more sophisticated, automatic and
reproducible method.

Because of the assymmetry of the heart and of the
myocardial tracer distribution, the automatic definition of
the LV long-axis is difficult with a geometric method. The
results of this study demonstrate that this can be success
fully achieved with a nongeometric method.

Disadvantagesof Manual Selection of the LV Long
Axis

The limitations of manual selection ofthe LV long-axis
have been recently recognized (9,13), although this
method has been routinely used for several years (10â€”12).
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This operator-dependent method relies on the operator's
experience and is therefore subject to significant variabil
ity. In cases of significant myocardial abnormalities, it is
difficult to obtain reproducible results with this method.
In fact, in the present study, because ofthe large difference
in the results from the two operators in the patients with
large perfusion abnormalities, the slope of the regression
line of the interobserver correlation was not satisfactory.
However, it can be observed that the reproducibility of the
manual selection of the LV long-axis from the sagittal
slices was better than from the transaxial slices, which is
related to the limited value of the vertical angle.

With such significant intra- and interobserver variabili
ties, the application ofthe manual re-orientation is limited,
particularly for the comparison of stress and delayed myo
cardial tomography or myocardial tomography during in
terventions.

Advantages and Potential Clinical Applicationof the
PresentMethod

As determined by this preliminary study, our procedure
has excellent reproducibility. The correlation coefficients
of repeated studies were 0.98â€”0.99(intraobserver), 0.94â€”
0.95 (interobserver) for transaxial slices, 0.97â€”0.99 (in
traobserver), 0.95â€”0.96 (interobserver) for sagittal slices.
The intra- and interobserver differences ofrepeated studies
were very small, and remained in a range that may be
acceptable with the available imaging resolution.

Even in patients with large perfusion abnormalities, the
LV long-axis was correctly defined by the present algo
rithm. In fact, if a 5% difference exists between the cavity
and the point with maximum counts in myocardial wall,
the point with minimum counts in the cavity can be
correctly determined. In most circumstances, some degree
of 201Tluptake still exists in a transmural infarcted myo
cardium (22,23), and usually the radioactivity in the myo
cardial wall is higher than in the cavity.

Oblique angle tomography is the common technique in
SPECT, PET, MRI and CT. Probably, the present method
could be used in oblique angle tomographic reconstruction
in myocardial PET studies. Recently, several approaches
of the alignment of pairs of brain tomographic images
have been developed (25â€”27).The correct registration of
the myocardial tomograms may be carried out by the
transformation of the LV long-axis.

Ideally, it would be desirable to compare the accuracy
of reorientation by our method with a gold standard, but
at present, no such standard is available. CT and MRI
have a much higher spatial resolution, but the selection of
the appropriate plan is difficult and the definition of the
LV long-axis remains based on subjective or a priori
criteria.

Limitations
Some factors that may influence the accuracy of the

present method should be noted. The accuracy of the
definition of the LV long-axis is partly dependent on the

quality of tomographic slices. This may be influenced by
several physical factors (16,28). Particularly, the accuracy
ofthe definition ofthe point with the minimum counts in
profile is influenced by statistics of the low counts, al
though this effect is reduced by spatial filtering. In theory,
the myocardial 201T1uptake and the myocardial thickness
(16,24) may have effects on the definition of the points
with the minimum counts, but these effects don't seem
very critical and is reduced by linear fitting.

Although that did not happen in our series, it remains
possible that in some patients with abnormal cardiac lo
cation or morphology, the number of points found may
be insufficient for a satisfactory linear fitting or that the
straight line may not be satisfactory to describe the LV
long-axis.

CONCLUSION

This comprehensive, computerized method shows
promise in providing a correct and reproducible method
for reorientating and standardizing the LV long-axis and
reconstructing oblique angle tomograms from transaxial
tomographic data. More accurate quantitative analysis
should be obtained with this method of reorientation than
with a manual method. This method also makes it possible
to correct three-dimensional registration of paired myo
cardial tomographies.
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