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Abstract

Background—Regional performance of the hypertrophied left ventricle (LV) in hypertrophic
cardiomyopathy (HCM) is still incompletely characterized with studies variably reporting that the
hypertrophied myocardium is hypokinetic, akinetic, or has normal function. Different imaging
modalities (M-mode or two-dimensional echocardiography) and methods of analysis (fixed or
floating frame of reference for wall motion analysis) yield different results. We assessed regional
function in terms of systolic wall thickening and shortening and related these parameters to end-
diastolic thickness using tagged magnetic resonance imaging and the three-dimensional volume-
element approach.

Methods and Results—In 17 patients with HCM and 6 healthy volunteers, four parallel short-
axis images with 12 radial tags and two mutually orthogonal long-axis images with four parallel tags
were obtained at end diastole and end systole. After the LV endocardial and epicardial borders were
traced, three-dimensional volume elements were constructed by connecting two matched planar
segments in two adjacent short-axis image planes, accounting for translation, twist, and long-axis
shortening. A total of 72 such volume elements encompassed the entire LV. From each of these
elements, end-diastolic thickness and systolic function (fractional thickening and circumferential
shortening) were calculated. The average end-diastolic thickness was 15.8+4.2 mm in patients with
HCM, which was significantly greater than that in healthy subjects (8.6+2.1 mm, P<.001). Fractional

Reprint requests to Rafael Beyar, MD, DSc, Department of Biomedical Engineering, Technion-Israel Institute of Technology, Haifa

32000, Israel..



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dong et al. Page 2

thickening was significantly less in patients with HCM than in healthy subjects (0.31+0.22 versus
0.56+0.23, P<.001). There was a highly significant inverse correlation between fractional thickening
and end-diastolic thickness that was independent of the type of hypertrophy or age group. Similar
inverse relations were observed between circumferential shortening and end-diastolic wall thickness.

Conclusions—The myocardium in patients with HCM is heterogeneously thickened and the
fractional thickening and circumferential shortening of the abnormally thickened myocardium are
reduced compared with healthy subjects. The decrease in fractional thickening and shortening is
inversely related to the local thickness.

Keywords
Wall thickness; magnetic resonance imaging; left ventricle; cardiomyopathy

The left ventricle (LV), approximately two thirds of which is free wall and one third is septum,
normally shows small regional differences in geometry, wall thickness, and load? that may
cause nonuniform myocardial mechanical performance across the wall thickness and
throughout the regions.z‘4 In hypertrophic cardiomyopathy (HCM), heterogeneities in wall
thickness as well as composition and fiber structure are greater and therefore may be associated
with greater variation in regional myocardial performance. Regional systolic function of the
hypertrophied myocardium has been a subject of extensive studies with controversial results.
Some studies show that the hypertrophied myocardium is hypokinetic or akinetic,5'8 whereas
others show normal systolic wall motion of the hypertrophic muscle.2:10 Two recent
studies810 reached opposite conclusions. Maier et al8 using magnetic resonance imaging
(MRI) tagging, found that the wall motion of the hypertrophied septum was significantly
reduced, whereas Betocchi et al,10 using biplane left ventriculography, showed that the septum
exhibited normal wall motion. In addition, different echocardiographic approaches (M-mode
or two-dimensional echocardiography) and different methods of analysis (fixed or floating
frame of reference for assessment of wall motion) also yield differing results.

The limitation of all the previous methods for regional function analysis stems from the
inadequacy of a single two-dimensional image to truly represent the complex three-
dimensional geometry, the inability to follow the myocardium from end diastole to end systole,
and, because of a lack of myocardial markers, inability to correctly measure wall thickness and
segmental shortening.

MRI tagging is a recently developed techniqueg'11 by which presaturation tags or markers can
be noninvasively placed at any location in the myocardium and at any phase of the cardiac
cycle. Tagging the myocardium at end diastole and following it to end systole allows the
investigator to directly measure regional systolic myocardial deformation and overcomes the
limitation of tracing a point from end diastole to end systole.2!8’14'15 A recent study8 used a
modification of this new technique to investigate the regional LV function in HCM in terms
of rotation and regional wall motion and found decreased rotation in posterior region and
decreased wall motion in septal and posterior regions. However, how wall motion relates to
regional function and how these observations relate to the hypertrophied regions are still
unclear. The aims of the present study therefore were (1) to describe regional function in terms
of systolic wall thickening and shortening using the advantage of three-dimensional
reconstruction and the volume-element approach and (2) to relate regional function to end-
diastolic wall thickness in individual patients as well as in the entire group.
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Methods

Patient Selection

Seventeen patients with HCM were studied (Table 1; 12 men and 5 women; age range, 21 to
72 years; meanxSD age, 4614 years). Hypertrophy was asymmetrical septal in 9 patients,
symmetrical in 6 patients, and apical in 2 patients. All patients had regular cardiac rhythms,
were in either NewYork Heart Association functional class I or 11, and had no contraindication
for MRI. A septal myotomy/myectomy had been performed in 1 patient, and catheterization
studies had been performed in 7 patients. A control group of 6 healthy volunteers (5 men and
1 woman; age range, 31 to 40 years) was also studied for comparison.

MRI Acquisition

MRI was performed on a Signa 1.5-T scanner (General Electric Company Medical Systems).
After the patient had been positioned in the magnet, six series of images were acquired. First,
four series were planning scans to determine the orientation of the heart, the location of the
image and tag planes for series 5 and 6, and the timing of end systole; series 5 and 6 were
performed to obtain the final images for the study.

A sagittal single-slice, single-phase image was acquired that encompassed the entire LV (series
1). From this sagittal image, the silhouette of the heart was identified, and a multislice (8 to 10
slices) coronal scan was performed through the heart at a single time point (series 2). A cine
image sequence (series 3) was also generated from a coronal slice that traversed the largest LV
cavity area (including aortic valves). End systole was then identified as the moment at which
the LV cavity was the smallest, immediately preceding flow reversal. From the coronal image
with the largest LV cavity area in series 2 or 3, we selected an oblique long-axis image plane
that passed through both the LV apex and the aortic orifice, and we acquired images at both
end diastole and end systole (series 4).

From the oblique long-axis images, four parallel short-axis image planes (perpendicular to the
long axis) were identified (series 5). Basal and apical planes were first located. The basal plane
passed just below the mitral valves and cut through the muscular septum, and the apical plane
passed just above the apical endocardium on both end-diastolic and end-systolic images. The
remaining two midventricular image planes were then defined to trisect equally the interval
between the basal and apical planes. Two mutually orthogonal long-axis image planes (series
6) were identified from the short-axis images; one plane was superimposed on the tag plane
that cut through the middle of the ventricular septum. Acquisition of the four parallel short-
axis and two orthogonal long-axis images was triggered by the R wave and accomplished using
amultislice, multiphase spin-echo technique (time to echo, 14 milliseconds; time to repetition,
the RR interval). The gated images were acquired by entering the desired delay after the R
wave. Because each final image (series 5 and 6) required 256 cardiac cycles, a total of 1024
cardiac cycles were required for the four short-axis image acquisitions, and 512 cardiac cycles
were required for the two long-axis acquisitions. The parameters for these images were a
256x128 matrix, two averages, 32- to 44-cm field of view, and 10-mm slice thickness. The tag
lines were placed perpendicularly to the image plane at end diastole and persisted (for about
500 milliseconds) to end systole. During acquisition of the short-axis images, six tag planes
separated by 30° of arc were made to intersect along the long axis of the LV, which produced
12 radial tag lines in each short-axis image. During acquisition of the long-axis images, four
parallel tags were placed at the end-diastolic short-axis image planes; therefore, by following
the motion of the tags, we could assess the magnitude of short-axis through-plane motion. The
thickness of each tag plane was 3.0 mm. Fig 1 shows an example of such short-axis and long-
axis images.
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Data Analysis

Image Processing—The files containing the digitized MRI data were transferred through
a network to an IBM-compatible personal computer (Pack-Mate 386X/25, Packard Bell),
where the original MRI data were linearly converted to a PC image file (an array of 256x256
gray levels), and image processing and data analysis were performed.

LV endocardial and epicardial borders on the short-axis images were manually marked at the
intersection with each of the 12 tags. An Akimalé smoothing algorithm was used to interpolate
between the points of intersection, and one interpolated point was created midway between
adjacent marked points. The resulting smooth contour was superimposed on the image for
comparison. The contour point was adjusted until satisfactory matches were obtained with the
endocardial and epicardial borders. The tracing procedure resulted in two (LV endocardial and
epicardial) sets of four (slice) contours at both end diastole and end systole. Each of these
output files contained 24 data points: 12 manually marked points of intersection and 12
interpolated points. (Twenty-four segments were then produced by connecting corresponding
endocardial and epicardial points.)

We also traced the endocardial and epicardial borders of the long-axis LV images to calculate
the degree of base-to-apex translation of the short-axis images.

Correction for Base-to-Apex Translation of Short-Axis Images—As seen in the
long-axis images in Fig 1 (bottom), as the heart contracted the myocardial tag lines moved
downward toward the apex, which hardly moved at all. The magnitude of this systolic descent
(which was calculated as the pixel difference between end diastole and end systole multiplied
times pixel size) decreased from the basal to the apical slice (Table 2) and was linearly related
to the end-diastolic (tag) distance from epicardial apex (Fig 2). Therefore, the image-
acquisition technique produced end-diastolic and end-systolic images that were identical in
location but were obtained from different myocardial segments due to base-to-apex translation.

To correct for this longitudinal translation, we developed a program that uses an algorithm that
matches the short- and long-axis images to obtain complete three-dimensional information
throughout the cycle. A similar matching algorithm is reported in the recent literature. 17 A
linear-interpolation algorithm is used to calculate the corrected position of the tag-endocardial
and tag-epicardial intersections of the end-systolic short-axis images (see “Appendix’”). The
new interpolated points are the physical points that have translated with the muscle, both in
the short-axis plane and in the long-axis direction, to its end-systolic location. This procedure
was performed to calculate all the endocardial and epicardial points for all four slices. Fig 3
shows the three-dimensional end-diastolic and corrected end-systolic profiles (data are from
the same patient with HCM as in Fig 1).

Calculation of Geometric Parameters—Thickness was calculated by using the three-
dimensional volume-element approach.15’18’19 Briefly, we first constructed three-
dimensional volume elements by using two adjacent short-axis image planes and connecting
the corresponding points that defined the segments in each plane (four points for each segment
of each plane). Therefore, there were a total of 72 volume elements encompassing the entire
LV: 24 segments in each of the three rings that were produced by the four short-axis image
slices. We then calculated the endocardial (Aengo) and epicardial (Agpi) surface areas and the
volume (V) of the element geometrically. Thickness (h) was calculated as h = 2V/
(AendotAepi), thickening (Th) as Th = hes—heg, and fractional thickening (fTh) as fTh = (hes—
hed)/heg, Where heq and heg are the end-diastolic and end-systolic thicknesses, respectively.

Regional circumferential endocardial and epicardial shortening (Sh) was calculated as Sh=
(Leg—Les)/Leg, Where Leg is the end-diastolic length, and L is the end-systolic length. The
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shortening of the volume element was then calculated as the average shortening of the two
adjacent slices.

Statistical Analysis

Values are given as meanSD. Student’s unpaired t tests were used to compare the differences
between HCM and healthy subjects, and ANOVA was used to assess the significance of the
differences in wall thickness and thickening between different regions. Values of P<.05 were
considered to be significant.

Results

Global LV Systolic Function

LV ejection fraction, which was calculated from the LV end-diastolic and end-systolic cavity
volumes between the basal and apical slices, was not significantly different for patients with
HCM than for healthy subjects (0.66+0.07 versus 0.69+0.08, respectively).

Thickness and Thickening in Different Regions

Wall thickness and thickening varied greatly in patients with HCM. In a patient with
asymmetrical septal hypertrophy, as shown as an example in Fig 4A, there was an apparent
hypertrophy in septal and anterior regions at basal and mid levels of the LV, which
corresponded to a small systolic fractional thickening. In comparison, in the healthy case shown
in Fig 4B, there was no relation between thickness and thickening, which was subjected to
variations. On average, the thickness and thickening were significantly different between
regions in the HCM group: the anterior and septal regions were thicker and thickened less than
the later a land posterior regions (Table 3). However, in the healthy group, neither thickness
nor thickening was significantly different between the regions. In all regions, the average end-
diastolic thickness in patients with HCM was significantly greater than that in healthy subjects,
whereas the fractional thickening in patients with HCM was significantly less (Table3). The
absolute thickening in patients with HCM was decreased only in the septal and anterior regions
compared with those of healthy subjects (Table 2).

Thickness-Thickening Relations

When thickening was plotted against end-diastolic thickness, an inverse relation was clearly
observed in patients with HCM: the thicker the wall, the less the thickening. Fig 5 shows an
example of the relation between fractional thickening and end-diastolic thickness from a patient
with HCM (closed circles indicate the patient from Fig 4) and a healthy subject (open circles).
The relation is not as clear in the healthy subjects. For further analysis, we then segregated and
averaged data with in incremental bins of 5-mm end-diastolic thickness. Fig 6 is a summary
plot of the relations between fractional (A) and absolute (B) thickening and end-diastolic
thickness from both groups. The inverse relation between thickening and thickness is clearly
present, independent of how thickening is calculated (fractional versus absolute values).

Because asymmetrical and symmetrical HCM are structurally and hemodynamically different,
we analyzed separately these two subgroups of patients. Fig 7 shows no significant difference
between the HCM groups in the fractional thickening-thickness relation, indicating that
functional expressions of the hypertrophied myocardium in these two subgroups of patients
with HCM are similar.

To see the effect of age on the thickening-thickness relation, we divided the patients with HCM
into three age groups: <40 years (n=6), 40 to 50 years (n=6), and >50 years (n=5). Fig 8 shows
that there was no significant difference in fractional thickening-thickness relation among these
three age groups.
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Thickness-Shortening Relations

Similar inverse relations were observed between the circumferential endocardial and epicardial
shortening and end-diastolic wall thickness in patients with HCM, except for the segments
with normal thickness (Fig 9). There was no significant difference between patients with HCM
and healthy subjects with respect to either endocardial or epicardial circumferential shortening
of the segments with the normal thickness.

Muscle Volume Conservation

Because the difference in muscle volume between end diastole and end systole might indicate
an error in the calculations of the systolic thickening, we compared end-diastolic and end-
systolic muscle volume of the three-dimensional volume elements. On average, the muscle
volume of the volume elements was slightly but insignificantly smaller in end systole than in
end diastole (by 8+4% in the group with HCM, P=NS, and by 6+2% in the healthy group,
P=NS). This insignificant difference was similar for elements with small and large fractional
thickening. This observation further supports our methodology for calculation of wall
thickening.

Interobserver Variability

Comparison of the thickness of the three-dimensional volume elements obtained from the
analysis of the first and second observers demonstrated a good reproducibility (r=.864 and .
947 for end-diastolic and end-systolic thickness of the healthy group, respectively; .986 and .
978 for the group with HCM, respectively; r=.995 for pooled end-diastolic and end-systolic
data from both groups).

Discussion

By using MRI tagging and three-dimensional volume-element reconstruction, we have directly
measured regional function of the entire LV in patients with HCM and have related it to regional
end-diastolic wall thickness. In patients with HCM, (1) systolic function of hypertrophied
myocardium was impaired, whereas function of the region with normal thickness remained
normal; (2) there was an inverse relation between systolic thickening and end-diastolic wall
thickness; and (3) the inverse relation was also demonstrated between systolic circumferential
shortening and end-diastolic thickness.

Although studies have consistently shown impairment of diastolic function (ie, reduced early
and mlddlastollc fllllng20 21 and leftward and upward shift of the end-diastolic pressure-
volume relation? ) systolic function of the hypertrophied myocardium has not yet been clearly
characterized. Widely differin g results suggest that the hypertrophic myocardium is akinetic,
hypokinetic, or normokinetic. 0 The disparity in results may be partially attributed to the
methods used and partlally to the different groups of patients studied in various series. One
echocardiographic study in which the LV wall motion was analyzed using both fixed- and
floating-reference systems produced different results with each of the methods (ie, according
to the fixed-reference analysis, the hypertrophic myocardium was hypokinetic, and according
to the floating-reference analysis, it was normokinetic). The techniques used so far to
characterize myocardial function in patients with HCM have major limitations in that they do
not adequately account for the three-dimensional geometry of the heart and specific myocardial
points cannot be tracked, and therefore, measurement of regional myocardial function is
inaccurate.

A recent study in which a gridlike MRI tagging pattern was applied showed that regional
circumferential shortening and cardiac rotation were 3|gn|f|cantly reduced in patients with
HCM compared with healthy control subjects. Another study in which 201T1 ECG-gated
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single-photon emission computed tomography was used to assess fractional wall thickening
demonstrated that thickening in healthy hearts and in relatively normal-thickness regions of
hearts from patients with HCM was 0.53+0.05 and 0.56+0.11, respectively, whereas thickening
in hypertrophied areas was significantly less (0.23+0.07). These observations are consistent
with our results that systolic thickening decreased in the hypertrophied myocardium and
remained normal in segments with normal thickness.

The decreased systolic function of hypertrophied myocardium might be attributed to many
factors. First, this may be due simply to mechanical interference between the myocardial cells
or layers. Theoretically, the systolic performance of a single cardiac cell might be greater than
that of a group of cells connected in parallel. A single cell contracts more unlformly 4,25 and,
as it shortens, might thicken more freely. When a group of cells are arranged to form normal
myocardial tissue, the adjacent cells must thicken toward each other, compete for the limited
space, and interfere with the thickening of the adjacent cells. Furthermore, spatial and temporal
ggnunrformlty has been demonstrated in multicellular preparations (eg, papillary muscle)

Increased connective tissue content that limits myocardial shortening and wall thickening
might be another contributing factor. Within the myocardium, connective tissue is arranged
around (ie, the “weave fibers”) and between (ie, the “struts™) cells and cell groups. 28 These
connective structures deform and store energy (ie, generate restoring force) as myocardial cells
contract. This restoring force tends to keep the structures in their original shape and to limit
deformation; therefore, excessive connective tissue might also limit myocardial contraction.
In patients with HCM there is a significant increase in the amount of connective tissue. 29,
30 A recent study demonstrated that there is a marked increase in both pericellular weave
fibers and strut connection fibers. We suspect that the increased connective tissue also limits
active systolic longitudinal shortening and lateral thickening of the cells rather than just limiting
passive diastolic filling as has been well recognized.

Finally, decreased active force generation might be the most important factor contributing to
the decrease in systolic function of hypertrophied myocardium. It is not clear how active force
generation is depressed. However, possible mechanisms include myocardial fiber disarray,
myocardlal ischemia, and impaired diastolic function (ie, reduced preload). Myocardial
disarray 29,32 js characterized by an irregular disarrangement in every level of myocardial
organization — myofilaments, myofibrils, fibers, and fascicles. The normal parallel
arrangement of myocardial fibers no longer exists in the areas of disarray, which are found
predominantly in the ventricular septum but also in the LV and right ventricular free walls.
This disarray might result in multidirectional mechanical contraction with a net reduction in
apparent myocardial function. In addition, myocardial ischemia might diminish force
generation in addition to impairing myocardial relaxation, since studies of HCM have
demonstrated abnormalities of small intramyocardial arteries (ie, thickened walls and narrowed
lumens33.3 ) and inadequate capillary density in relation to the hypertrophied myocardial
mass.3° Also, decreased coronary flow reserve and abnormal myocardial perfusion were
observed in hearts of patients with HCM. 36 Furthermore, Starling’s law states that the
magnitude of the active force generation of the myocardium depends on its |n|t|al length, ie,
its preload. In hearts of patients with HCM, myocardial relaxation is |mpa|red (possibly due
toCa2* overload and ischemia) and myocardial stiffness is increased?! (due to
hypertrophied myocardial fibers and proliferation of the connective tlssue). These changes
might effectively decrease the preload of the hypertrophied myocardium and, so, would
decrease active force generation.

It is well known that the asymmetrical septal and symmetrical HCM differ structurally and
hemodynamically. However, the present study demonstrated decreased regional systolic
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function of the hypertrophied myocardium and a similar inverse thickening-thickness relation
in both of these subgroups of patients. These results suggest that the expression and possibly
mechanisms of the intrinsic functional abnormalities of the hypertrophied myocardium in these
two subgroups of patients might be similar.

Our data-acquisition and -analysis techniques have several advantages. First, MRI tagging
allows noninvasive placement of markers in the myocardium. Therefore, a reference system
is not needed and systolic myocardial deformation can be measured directly, while accounting
and correcting for the complex motion of the heart during the cardiac cycle.

Second, our analysis of short-axis images includes correction of long-axis translation. During
systole, the LV myocardium moves toward the apex, and the magnitude of this through-plane
motion (with respect to short-axis images) is directly related to the distance from the apex,
which itself moves little.37-38 This phenomenon was also observed in the present study. The
basal tags in the long-axis images (Table 2 and Fig 2) moved toward the apex (11.3£3.7 mm
versus the 12.8+3.8-mm descent of MRI-tagged LV base reported by Rogers et a137 and the
13.0+2.5-mm descent of mitral valve plane reported by Hoffman et a138), and this descent
decreased near the apex. It must be understood that conventional short-axis images are acquired
by a fixed-external-reference system, as in the present study.

Therefore, the technique itself involved an inherent inaccuracy, because the images throughout
the cardiac cycle are acquired from different myocardial segments as the heart moved toward
the apex through each short-axis plane. We compensated for this inaccuracy mathematically
by using linear interpolation on the information derived from the long-axis images. Rogers et
a3’ recently developed an MRI tissue-isolation technique that allows end-diastolic and end-
systolic images to be acquired from the same myocardial segment.

Another advantage of our technique involves the measurement of myocardial wall thickness.
We measured thickness using the three-dimensional volume-element approach,lf”18
correcting for systolic rotation and longitudinal translation of each myocardial element. This
yields a thickness measurement that is independent of the angle between image plane and LV
wall and, by avoiding obliquity (especially at the apical region), provides a more accurate
measurement of thickness than a planar analysis method. Because the thickness was calculated
from the muscle volume of the three-dimensional volume elements, the difference between the
end-diastolic and end-systolic muscle volume might affect our thickening calculation.
However, we found no significant difference between end-diastolic and end-systolic muscle
volume. A trend for a difference in muscle volume of only 8% in the group with HCM and 6%
in the healthy group would not critically affect our results.

Finally, we propose that our current approach relating regional systolic function (thickening
and shortening) to the local wall thickness provides important information in addition to studies
relating function to the anatomic regions8 (ie, septum versus lateral wall, and base versus apex).
It has been shown that HCM is a disease with a great individual variability and that “no two
hearts are alike.”29 Even in the subgroup of patients with asymmetrical septal hypertrophy,
the involvement might be in the basal, midlevel, and/or apical septum.39 Therefore, we divided
each short-axis image slice into 24 segments (12 segments from manually marked points and
12 from interpolated points). The smaller the size of the volume elements, the more accurate
was the thickness measurement, since the thickness was calculated as the average thickness of
the volume elements in the present study. We believe that because of this great heterogeneity,
the analysis of the average regional systolic function based on the anatomic region® may not
provide as accurate measure of the relation between the local hypertrophy and function as our
current approach.
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Studies140 in which thickness was measured using sonomicrometric crystals have shown that
there also is a difference in systolic thickening across the thickness of wall. In the healthy dog,
the endocardial half of the myocardium thickens more than the epicardial half of the
myocardium. In dogs in which LV hypertrophy had been produced by banding their aortas,
exercise caused endocardial thickening to decrease by 45%, whereas epicardial thickening
increased (by 18%). We were unable to separate the endocardial and epicardial components
of thickening in the present study.

Regional differences in myocardial relaxation were also observed in patients with HCcm.20
Using simultaneous ventricular pressure manometry and cine left ventriculography, Hayashida
et a120 found that the relaxation of regional wall stress was more prolonged in the region with
increased wall thickness than that in the region with normal thickness in patients with
nonuniform LV hypertrophy. The results indicate that increased wall thickness is associated
with greater impairment of myocardial relaxation, which is compatible with our present
conclusion that the thicker the wall, the more impaired is the thickening.

From this study in patients with HCM in which we used MRI tagging, three-dimensional
reconstruction, and correction for motion and displacements to obtain wall thickening and
circumferential shortening, we conclude that the systolic function of hypertrophied
myocardium is heterogeneously impaired and that the degree of the impairment is inversely
related to the wall thickness of the myocardium.

Toaccount for longitudinal translation, we developed a program that uses a linear interpolation
algorithm to correct the x-y values of the tag-endocardial and tag-epicardial intersections of
the end-systolic slice. The procedure is schematically described in Fig 10. In general, the x-y
coordinates of the short-axis images are obtained at equal z (longitudinal) locations for both
the end-diastolic and end-systolic (A) slices. From the two orthogonal end-systolic long-axis
images (one of the two long-axis images was shown, as an example, in the bottom panel of Fig
1), the new z values of the corresponding four epicardial and four endocardial points are
obtained. The z values of the rest of the points for each short-axis image were calculated by
linear interpolation in the circumferential direction. To obtain the x-y values of the new z points,
linear interpolation was performed between two corresponding points of two adjacent slices.
For the points C1 and D1 on slices C and D shown in B, the following interpolation was
performed to obtain the interpolated point D1’, given the end-systolic point location zD1':

xD17 = xD1 + (xC1 — xD1)(zD17 — zD1)/(zC1 - zD1)
yD17 = yDI1 + (yC1 — yD1)(zD17 — zD1)/(zC1 — zD1)

where values of xDI and yD1were obtained from end-systolic short-axis images of slice D (C).
The new interpolated points represent the identical physical points that have translated with
the muscle, both in the x-y plane and in the z direction, to their end-systolic locations. This
procedure was performed for all the endocardial and epicardial points of slices A, B, C, and
D. The result is the corrected end-systolic location of the set of end-systolic points defined by
the junction between the endocardial and epicardial borders with the tag lines.
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End diastole End systole

Fig 1.

Short-axis and long-axis images from a patient with hypertrophic cardiomyopathy. Tags (black
lines) were placed at end diastoleand persisted to end systole. The short-axis images correspond
to the second slice from the base, and long-axis images correspond to the plane that cuts through
the middle of the ventricular septum at both end diastole and end systole. Note that at end
diastole, the tag lines are straight, and at end systole, the tag lines are displaced because of
myocardial contraction. In long-axis images, during systole parallel tags moved downward
toward the apex, which hardly moved at all. (The fifth tag line at mitral valve level is an extra
one thatwas not used in the analysis.)
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Fig 2.

Plot of relations between the longitudinal descent of the tags and their end-diastolic distance
from the epicardial apex for healthy subject sand for patients with hypertrophic
cardiomyopathy (HCM). Note that there were very good linear descent-distance relations for
both sets of data and that the slope of the relation in HCM was significantly less than that in
healthy controls (P<.05), indicating that the longitudinal shortening in HCM was smaller than
that in controls.
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End Diastole End Systole

LV endocardium
LV epicardium

RV

Fig 3.

Reconstruction of three-dimensional end-diastolic and interpolated end-systolic profiles from
tracings of the same patient with hypertrophic cardiomyopathy as shown in Fig 1. Note that
the left ventricular (LV) end-systolic image slices were corrected and moved downward by the
amount of the tag descent from the long-axis images (see bottom panel of Fig 1) compared
with uncorrected right ventricular (RV) image slices.
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Fig 4.

Plots of thickness and thickening of the three-dimensional volume elements at different regions
and different slices from a patient with asymmetrical septal hypertrophy (A) in comparison to
a healthy subject (B). Note that the volume elements at septal and anterior regions of basal and
midlevel slices had severe hypertrophy that corresponded to a decreased systolic thickening,
whereas at lateral and posterior regions, the thickness and thickening remained normal. The
normal case shows some variations in thickening, but these variations do not correspond to the
thickness, which looks relatively homogeneous.
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Fig 5.

Scatterplot of relations between regional systolic fractional thickening and end-diastolic
thickness. Data are from a patient with hypertrophic cardiomyopathy (HCM) (closed circles,
the same patient as in Fig 4) and a healthy subject (open circles). There was a clear inverse

relation in the patient with HCM.
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Fig 6.

Summary plot of fractional (A) and absolute (B) thickening and end-diastolic thickness
relations (pooled data that were segregated and averaged within bins of 5-mm increments of
end-diastolic thickness). An inverse relation is seen between both fractional and absolute
thickening and end-diastolic thickness in the hypertrophic cardiomyopathy (HCM) group. Note
that the thickening of normal thickness segments inpatients with HCM was significantly greater
than that of the healthy subjects (P<.05).
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Fig 7.

Plot of comparison of fractional thickening—end-diastolic thickness relation between
asymmetrical septal (ASH, closed circles) and symmetrical (SH, closed triangles)
hypertrophies. Note that no significant difference was observed between these two sub groups
of patients. Open squares represent two individuals of patients with apical hypertrophy (AH).
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Fig 8.

Plot of comparison of fractional thickening—end-diastolic thickness relation between three age
groups (<40years, n=6; 40 to 50 years, n=6; >50 years, n=5). Note that there was no significant
difference between these three age groups.
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Fig 9.

Plot of circumferential endocardial and epicardial shortening and end-diastolic wall thickness
(Pooled data also segregated and averaged within bins of 5-mm increments of the end-diastolic
thickness). Inverse relations were observed between circumferential endocardial and epicardial
shortening and end-diastolic thickeness, which were similar to the thickness—thickening
relations shown in Fig 6. HCM indicates hypertrophic cardiomyopathy.
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Fig 10.

Schematics showing the method for determining the xyz coordinates of the tag-epicardial or
tag-endocardial intersections at end systole. A, Short-axis image plane levels in the long-axis
view; the end-diastolic and end-systolic short-axis images were obtained at the same location
but from different muscle segment due to longitudinal translation (also see Fig 1). The
coordinates of the point D1 (point 1 in image plane D, epicardium) are shown. B, Longitudinal
translation that was measured as the systolic descent of the tags (from D; to D’4) in the z
direction. C, End-systolic xy values measured from short-axis image of slice D.
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