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Objective: Obtaining new details of radial motion of left
ventricular (LV) segments using velocity-encoding cardiac
MRI.

Methods: Cardiac MR examinations were performed on
14 healthy volunteers aged between 19 and 26 years. Cine
images for navigator-gated phase contrast velocity mapping
were acquired using ablack blood segmented k-space spoiled
gradient echo sequence with a temporal resolution of 13.8 ms.
Peak systolic and diastolic radial velocities as well as radial
velocity curves were obtained for 16 ventricular segments.
Results: Significant differences among peak radial veloc-
ities of basal and mid-ventricular segments have been
recorded. Particular patterns of segmental radial velocity
curves were also noted. An additional wave of outward
radial movement during the phase of rapid ventricular
filling, corresponding to the expected timing of the third
heart sound, appeared of particular interest.

Advances in cardiac imaging techniques have allowed eval-
uation of new details of the complex pattern of left ven-
tricular (LV) motion. Using high temporal resolution
cardiovascular MR with myocardial velocity-encoding tech-
niques, we previously performed a detailed analysis of ro-
tational and longitudinal motions of the left ventricle,
correlating them with the orientation or cardiomyocyte
aggregates within the LV wall."* However, accurate evalua-
tion of radial motion is equally important. For example,
radial wall motion abnormalities have been detected in
patients with diabetes’ and hypertrophic cardiomyopathy,*
whereas radial dyssynchrony is almost universal in patients
with heart failure.” The purpose of this study was to obtain
new details of global and regional radial wall motion of the

Conclusion: The technique has allowed visualization
of new details of LV radial wall motion. In particular,
higher peak systolic radial velocities of anterior and
inferior segments are suggestive of a relatively higher
dynamics of anteroposterior vs lateral radial motion
in systole. Specific patterns of radial motion of other
LV segments may provide additional insights into LV
mechanics.

Advances in knowledge: The outward radial movement
of LV segments impacted by the blood flow during
rapid ventricular filling provides a potential substrate
for the third heart sound. A biphasic radial expansion
of the basal anteroseptal segment in early diastole
is likely to be related to the simultaneous longitudinal
LV displacement by the stretched great vessels follow-
ing repolarization and their close apposition to this
segment.

left ventricle using the cardiac MR high temporal resolution
myocardial velocity-encoding technique.*” Considering re-
cent interest in myocardial multilayer measurements, which
provide more layer-specific information about the functional
state of the myocardium at different levels,” ' separate cal-
culations of all myocardial velocities and their corresponding
peak times for the inner (endocardial), middle (transmural)
and outer (epicardial) layers of the LV wall were performed.

METHODS AND MATERIALS

Subjects and imaging

Cardiac MR examinations with myocardial velocity encoding
were performed on 14 volunteers aged between 19 and
26 years. All subjects were athletic healthy male volunteers
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Table 1. Peak systolic and diastolic radial velocities for axial left ventricular (LV) slices included in the study

Velocities LV base (Segments 1-6) ‘ Mid-LV level (Segments 7-12) ‘ LV apex (Segments 13-16) ‘ p-value

Peak systolic velocity (cms™")

Epicardial 3.0*£0.2 3.2=*0.1 26%0.2 0.014

Transmural 35+0.2 3.7+0.1 3.1%+0.2 0.015

Endocardial 4.0x0.2 42*0.1 3.6%£0.2 0.025
Peak diastolic velocity (cms™*)

Epicardial —4.5*+0.3 —4.6*+0.2 —4.9*0.3 0.510

Transmural —55%0.3 —56%*0.3 —58*0.4 0.730

Endocardial —6.6 0.4 —6.6*+0.3 —6.9*0.5 0.880

One-way analysis of variance was used to test for differences among means (values are mean = standard error of mean).

with no history of smoking or cardiovascular disease. Their
baseline characteristics included a body mass index of 24 =
2kgm™? (mean =* standard deviation), a heart rate of 57 =7
beats per minute, a systolic blood pressure of 119 = 8 mmHg,
a diastolic blood pressure of 75 + 4 mmHg and an LV ejection
fraction of 68 £ 6. The study was conducted according to the
principles of the Declaration of Helsinki and was approved by
a local Oxfordshire clinical research ethics committee. Each
subject provided written informed consent.

The cardiac MR scans were performed using a 1.5-T Siemens
Sonata clinical scanner (Siemens Healthcare, Erlangen,
Germany). Pilot images, followed by horizontal and vertical long
axis cine images, were acquired using a steady-state free pre-
cession pulse sequence. Cine images for navigator-gated high
temporal resolution phase contrast velocity mapping were ac-
quired using a black blood segmented k-space spoiled gradient
echo sequence®” with a temporal resolution of 13.8 ms (repe-
tition time =13.8 ms, echo time=5.0ms, flip angle = 15°,
bandwidth = 650 Hz per pixel, field of view =400 X 300 mm
and matrix = 256 X 96)."” Three short axis images were ac-
quired for the LV base, mid-ventricle and apex. The basal slice
was positioned parallel to the base of the heart and distal to the
LV outflow tract. Basal, mid-ventricular and apical slices were
positioned 15-20 mm apart, depending on the heart size. With
cardiac and respiratory gating, each short axis acquisition took
approximately 3-5min, with an average of 60-70 phases per
cardiac cycle. Velocity encoding was performed by including
a phase image with no velocity encoding followed by images
with a bipolar gradient in the read, phase or slice direction after
each radiofrequency pulse to the otherwise identical sequence
[velocity-encoded gradient echo imaging (VENC) in-
plane =20cm s~ !, VENC through-plane =30cm s~ ']. Post-
processing was performed in the standard fashion of subtracting
the phase from the image with no velocity encoding, followed by
conversion of the phase data into velocity maps. Separate
measurements were performed for the inner (endocardial) and
outer (epicardial) layers. Transmural peak velocities were infer-
red automatically as averaged peak values of the inner and outer
layers. The duration of the cardiac cycle was determined by the
R-R interval on the electrocardiogram, with end systole defined
as the smallest LV cavity. The cardiac phases were subsequently

calculated and normalized for the entire group based on their
average duration during a cardiac cycle.”'*"?

Tissue phase mapping (TPM) analysis was performed using
customized software (MATLAB® v. 6.5; MathWorks®, Natick,
MA). For TPM analysis, the left ventricle was divided into
16 segments (6 basal, 6 middle and 4 apical) according to the
American Heart Association (AHA) model.'® The endocardial
and epicardial borders were manually contoured for basal, mid-
ventricular and apical segments for each phase of the cardiac
cycle. In-plane velocities were transformed into an internal polar
coordinate system positioned at the centre of the mass of the left
ventricle. Global ventricular velocity time courses for radial
motion of all LV segments were calculated by averaging over the
entire segmentation mask as well as the corresponding peak
radial velocities and time to peak. Graphical representations of
radial velocities during a cardiac cycle for individual LV seg-
ments were also obtained.

Statistical analysis

MATLAB files containing TPM data were converted and gen-
erated into Microsoft Excel  (Microsoft Corporation, Redmond,
WA) files for statistical analysis. Subsequently, all data were
analysed using SPSS® v. 16.0 (SPSS Inc., Chicago, IL) and
MedCalc® statistical software v. 12.5.0 (MedCalc Software,
Ostend, Belgium). Radial velocities were expressed as continu-
ous variables and tested for normal distribution. One-way
analysis of variance (ANOVA) was used to test for differences
among mean rotational velocities of individual LV segments.
Before the ANOVA test, Levene’s test for equality of variances
was performed to ensure that the variables obtained for the
compared segments were homogeneous (a standard function of
MedCalc software). If the ANOVA test was positive (p < 0.05),
a post hoc Scheffé test was performed to identify sample means
that were significantly different from each other.

RESULTS

Average radial velocities for basal, mid-ventricular
and apical segments

Peak systolic and diastolic radial velocities for basal, mid-
ventricular and apical segments are presented in Table 1. Positive
values reflect ventricular wall movement towards the centre of
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Figure 1. Radial velocity graphs for axial left ventricular (LV) slices included in the study. The curves represent average values for all
segments at the respective LV level. Positive values reflect inward motion towards the centre of the ventricle, whereas negative
values show outward expansion. The arrows show peak systolic radial velocity (a), an upright directed notch in early diastole (b),
peak diastolic radial velocity (c) and an additional wave of outward radial movement during rapid ventricular filling (d). Cardiac
cycle phases: 1, isovolumetric contraction; 2, rapid ejection; 3, reduced ejection; 4, isovolumetric relaxation; 5, rapid filling; 6,
diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.
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the ventricle and negative values show an outward movement
(Figure 1). Both systolic and diastolic peak velocities in-
creased incrementally from the epicardium towards the en-
docardium. Lower peak systolic velocities have been recorded
for the apical LV slice, the difference between means reaching

velocities recorded for apical compared with mid-ventricular
segments (p <0.05). No significant differences were noted
between the average values of peak diastolic radial velocities
recorded for basal, mid-ventricular and apical segments
(Table 1).

a 5% significance level for all layers (p <0.05). The post hoc
Schefté test for pairwise comparisons confirmed significant
differences between the mean values of peak systolic radial

The variation in radial velocities during a cardiac cycle at
different LV levels is shown in Figure 1. Little radial

Figure 2. Radial velocity graphs for basal left ventricular segments during a cardiac cycle. The graphs represent the average
myocardial velocities for all volunteers. Positive values reflect inward motion towards the centre of the ventricle, whereas negative
values show outward expansion. The arrows show peak systolic radial velocity (a), an upright directed notch in early diastole (b),
peak diastolic radial velocity (c) and an additional wave of outward radial movement during rapid ventricular filling (d). Of note is
that, in Segment 2, the peak diastolic radial velocity was delayed and represented by the second wave of radial expansion (d).
Segments: 1, basal anterior segment; 2, basal anteroseptal segment; 3, basal inferoseptal segment; 4, basal inferior segment; 5, basal
inferolateral segment; and 6, basal anterolateral segment. Cardiac cycle phases: 1, isovolumetric contraction; 2, rapid ejection;
3, reduced ejection; 4, isovolumetric relaxation; 5, rapid filling; 6, diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.
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Velocities

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6 -value
g g g g g g p

Peak systolic velocity (cms ™)

Epicardial 4.8%0.3 34*03 41+0.3 5.1*0.3 3.6*0.2 3.7%£0.3 <0.001

Transmural 5.0*x0.3 3.6%£0.3 44*03 5.1+0.3 3.9+0.2 4.1*0.2 <0.001

Endocardial 54*03 4.0%0.2 49=*0.3 53%+0.2 45%0.2 4.6%0.2 <0.001
Peak diastolic velocity (cm s hH

Epicardial —51%x04 —59*0.6 —49*0.3 —6.9*0.6 —54*04 —6.8 0.5 0.029

Transmural —6.1 0.5 —6.3 0.6 —6.1 0.3 —82=*0.6 —6.8*£0.4 —8.0*x0.5 0.002

Endocardial —7.1%*0.6 —6.8 0.6 —7.6*04 —9.7*x0.7 —8.5%0.6 —9.2*0.6 <0.001

?One-way analysis of variance was used to test for differences among means (values are mean = standard error of mean).

movement occurred during isovolumetric contraction, the
velocity curve remaining close to baseline at the end of this
phase. A subsequent rapid increase in radial velocity, peaking
by the middle of rapid ejection (Figure 1, wave a), was fol-
lowed by a gradual decrease of LV inward movement during
the phase of reduced ventricular ejection. A small upward
directed notch at the beginning of diastole (Figure 1, wave b)
was consistent with a brief moment of deceleration in the
radial expansion at the beginning of isovolumetric relaxation.
The outward radial movement in diastole reached peak ve-
locity values by the end of isovolumetric relaxation and

beginning of rapid ventricular filling (Figure 1, wave c). An
additional wave of outward radial motion was noted at the LV
base during the phase of rapid ventricular filling (Figure 1,
wave d), corresponding to the expected timing of the third
heart sound. By the end of rapid ventricular filling (Phase 5),
the velocity curve returned to baseline and little radial
movement was noted after the ventricle was filled (Figure 1,
Phase 6). Another wave of outward radial motion may be
expected during atrial contraction (Figure 1, Phase 7); how-
ever, TPM acquisition was prospectively gated and the effect
of atrial contraction on LV filling was not visualized.

Figure 3. Radial velocity graphs for mid-ventricular segments during a cardiac cycle. The graphs represent the average myocardial
velocities for all volunteers. Positive values reflect inward motion towards the centre of the ventricle, whereas negative values show
outward expansion. The arrows show peak systolic radial velocity (a), an upright directed notch in early diastole (b), peak diastolic
radial velocity (c) and an additional wave of outward radial movement during rapid ventricular filling (d). Segments: 7, mid-anterior
segment; 8, mid-anteroseptal segment; 9, mid-inferoseptal segment; 10, mid-inferior segment; 11, mid-inferolateral segment; and 12,
mid-anterolateral segment. Cardiac cycle phases: 1, isovolumetric contraction; 2, rapid ejection; 3, reduced ejection; 4, isovolumetric
relaxation; 5, rapid filling; 6, diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.
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Table 3. Peak systolic and diastolic radial velocities for mid-ventricular segments?

Velocities Segment 7 | Segment 8 ‘ Segment 9 ‘ Segment 10 ‘ Segment 11 ‘ Segment 12 ‘ p-value
Peak systolic velocity (cms ™)

Epicardial 46*0.4 3.0+0.2 3.6*0.2 51*0.4 41*0.3 34*0.2 <<0.001

Transmural 50*04 35202 3.9%0.2 5304 44%03 3.9%0.2 <0.001

Endocardial 5404 4.1%0.2 44+0.2 56%0.3 4.9%03 44%0.2 0.001
Peak diastolic velocity (cm s hH

Epicardial —5.8+0.4 —5.6*0.4 —5.6+0.4 —6.6+0.6 —4.9%0.3 —4.9%+0.3 0.031

Transmural —6.8+0.4 —62%04 6.5+ 0.4 ~7.7%05 —6.1£0.3 —6.1%0.3 0.059

Endocardial —8.0+0.4 —7.1%£0.5 -7.6+0.5 —8.8+0.5 ~7.6+0.4 —74%0.3 0.107

?One-way analysis of variance was used to test for differences among means (values are mean = standard error of mean).

Radial velocities of basal left ventricular segments

The variation in radial velocities during a cardiac cycle for basal
LV segments is shown in Figure 2. In all basal LV segments, peak
systolic velocity values were reached during the phase of rapid
ejection (Figure 2, wave a), after which the velocity of the inward
radial movement gradually decreased until the end of systole. A
delay in the commencement of radial expansion was noted in
the basal inferolateral segment (i.e. Segment 5), its radial velocity
curve remaining well above zero at the end of systole and
showing no outward radial expansion until the second half of
isovolumetric relaxation (Figure 2). A rather unusual pattern of
radial expansion was recorded in the basal anteroseptal segment

(i.e. Segment 2), which showed a biphasic shape of outward
radial motion in diastole (Figure 2, Segment 2, waves ¢ and d).
Of note is that the peak diastolic radial velocity in this segment
was significantly delayed and represented by the second wave of
radial expansion (Figure 2, Segment 2, wave d), which was in
contrast to the rest of the LV segments. A related delay in reaching
peak diastolic velocity values was also noted in the adjacent basal
inferoseptal segment (Figure 2, Segment 3, wave c). An addi-
tional wave of outward radial motion during the phase of rapid
ventricular filling, corresponding to the expected timing of the
third heart sound, was apparent in most segments (Figure 2,
wave d). By the end of rapid ventricular filling (Phase 5), the

Figure 4. Radial velocity graphs for apical left ventricular segments during a cardiac cycle. The graphs represent the average
myocardial velocities for all volunteers. Positive values reflect inward motion towards the centre of the ventricle, whereas negative
values show outward expansion. The arrows show peak systolic radial velocity (a), an upright directed notch in early diastole (b) and
peak diastolic radial velocity (c). Segments: 13, apical anterior segment; 14, apical septal segment; 15, apical inferior segment; and 16,
apical lateral segment. Cardiac cycle phases: 1, isovolumetric contraction; 2, rapid ejection; 3, reduced ejection; 4, isovolumetric
relaxation; 5, rapid filling; 6, diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.
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Velocities Segment 13 Segment 14 Segment 15 Segment 16 p-value

Peak systolic velocity (cms ™)

Epicardial 31*0.3 2.6*0.3 32%0.2 3.1+0.2 0.331

Transmural 34*03 3.0*X0.3 3.6 0.2 35%0.2 0.314

Endocardial 3.9*+0.3 35%0.3 4.1%0.2 4.2*0.1 0.177
Peak diastolic velocity (cms ™)

Epicardial —5.0*0.3 —54*04 —53%+03 —5.6*04 0.315

Transmural —6.0*+0.4 —6.0*£0.5 —6.3*+0.3 —6.8+0.4 0.675

Endocardial —7.0*04 —6.8£0.5 —73*04 —8.1 0.5 0.263

?One-way analysis of variance was used to test for differences among means (values are mean = standard error of mean).

velocity of the radial expansion decreased in all basal LV seg-
ments and little radial movement occurred in Phase 6 (diastasis).

The peak systolic and diastolic radial velocities of basal LV
segments are provided in Table 2. The post hoc Scheffé test
showed significant differences (p << 0.05) between peak systolic
velocities recorded in the following segments: 1 vs 2, 3; 2 vs 1, 4;
3 ys 1; and 4 vs 2 for the inner (endocardial); 1 vs 2, 3; 2 vs 1, 4;
3ys1,4;4vs2,3,5; and 5 vs 4 for the middle (transmural); and

1vs2,3;2vs1,4;3vs1,4;4vs2,3,5,6; 5 vs4; and 6 vs 4 for the
outer (epicardial) layers as well as between peak diastolic ve-
locities recorded in the following segments: 2 vs 4; 3 vs 4, 6; 4 vs
2, 3; and 6 vs 3 for the inner (endocardial) layer and 3 vs 4 for
the middle (transmural) layer.

Radial velocities of mid-ventricular segments
The radial velocity graphs for mid-ventricular segments during
a cardiac cycle are shown in Figure 3. In all mid-ventricular

Figure 5. Schematic representation of left ventricular segments on the cross-section and radial velocity curves for Segments 2, 5 and
8. The arrows show peak systolic radial velocity (a), an upright directed notch in early diastole (b) and peak diastolic radial velocity
(c). An additional wave of outward radial movement during rapid ventricular filling (d) was noted in ventricular segments that are
likely to be particularly influenced by ventricular filling because of the direction of blood flow through the mitral valve. This wave is
strongly supporting the ventricular theory of the third heart sound. Segments: 2, basal anteroseptal segment; 5, basal inferolateral
segment; 8, mid-anteroseptal segment; 11, mid-inferolateral segment; 14, apical septal segment; and 16, apical lateral segment.
Cardiac cycle phases: 1, isovolumetric contraction; 2, rapid ejection; 3, reduced ejection; 4, isovolumetric relaxation; 5, rapid filling; 6,

diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.
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Figure 6. Schematic representation of left ventricular segments on the cross-section (A) with simultaneous display of radial (B) and
longitudinal (C) velocities of Segment 2. The radial velocity curve of Segment 6 (D) is provided for comparison. The upward
displacement of the left ventricle in early diastole by the stretched great vessels and their close apposition to the anterior septum
resulted in a biphasic radial expansion of anteroseptal segments (waves f and h). Wave f shows the commencement of radial
expansion in early diastole, which gradually decreased as the velocity of the longitudinal motion increased, the lowest velocities of
radial expansion (arrow g) corresponding to the highest velocities of upward longitudinal displacement (arrow c). Subsequently, as
the velocity of upward longitudinal motion decreased, a second wave of radial expansion was recorded (wave h). Segments: 2, basal
anteroseptal segment; 6, basal anterolateral segment; 8, mid-anteroseptal segment; 12, mid-anterolateral segment; 14, apical septal
segment; and 16, apical lateral segment. Cardiac cycle phases: 1, isovolumetric contraction; 2, rapid ejection; 3, reduced ejection; 4,

isovolumetric relaxation; 5, rapid filling; 6, diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.

A

segments, peak systolic velocities were reached during the phase
of rapid ejection (Figure 3, wave a), after which the velocity of the
inward radial movement gradually decreased until the end of
systole, resembling the pattern of corresponding basal LV seg-
ments. For example, a delay in the commencement of radial ex-
pansion of the mid-inferolateral segment (ie. Segment 11)
resembled the pattern recorded in the basal inferolateral segment
(i.e. Segment 5). The radial velocity curve in these segments
remained well above zero at the end of systole at both the LV base
and mid-ventricle and showed no outward radial expansion until
the second half of isovolumetric relaxation. The biphasic pattern
of radial expansion of the mid-anteroseptal segment (i.e. Segment
8) was less pronounced than that noted in the basal anteroseptal
segment (i.e. Segment 2), the two waves of outward radial motion
overlapping at the mid-ventricle (Figure 3, Segment 8, waves ¢ and
d). The additional wave of outward radial motion during the
phase of rapid ventricular filling, corresponding to the expected
timing of the third heart sound, was also less prominent at the
mid-ventricular level (Figure 3, wave d).
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The peak systolic and diastolic radial velocities of mid-
ventricular segments are shown in Table 3. The post hoc
Schefté test showed significant differences (p <0.05) between
peak systolic velocities recorded in the following segments: 8 vs
10 for the inner (endocardial) layer; 7 vs 8; 8 vs 7, 10; 10 vs 8, 12;
and 12 vs 10 for both middle (transmural) and outer (epicardial)
layers.

Radial velocities of apical left ventricular segments

The variation in radial velocities during a cardiac cycle for apical
LV segments is shown in Figure 4. Similar to the LV base and
mid-ventricle, peak systolic radial velocities were reached during
the phase of rapid ejection (Figure 4, wave a), after which the
velocity of the inward radial movement gradually decreased until
the end of systole. A delay in the commencement of radial ex-
pansion was noted in the apical lateral segment (i.e. Segment
16), its radial velocity curve remaining above zero at the end of
systole and showing no outward radial expansion until the
second half of isovolumetric relaxation (Figure 4). The pattern
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Figure 7. A representative cardiac MR image showing the positioning of inferolateral segments during the scan. With subjects in the
supine position, the heart was “resting” on the inferolateral segments (i.e. Segments 5 and 11). This might be responsible for the
initial delay in the radial expansion of these segments with a particular shape of their velocity curves, which remained well above
zero at the end of systole (arrow a) and showed no outward radial expansion until the second half of isovolumetric relaxation (arrow
b). At the left ventricular apex, a similar pattern of radial expansion was recorded for the lateral apical segment (i.e. Segment 16),
which is also located along the inferior heart surface. Segments: 5, basal inferolateral segment; 11, mid-inferolateral segment; and
16, lateral apical segment. Cardiac cycle phases: 1, isovolumetric contraction; 2, rapid ejection; 3, reduced ejection; 4, isovolumetric
relaxation; 5, rapid filling; 6, diastasis; and 7, atrial systole. ED, end diastole; ES, end systole.

nt 16
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V' \
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resembled that recorded in the inferolateral segments at the LV
base and mid-ventricle (i.e. Segments 5 and 11).

The peak systolic and diastolic radial velocities for apical LV
segments are provided in Table 4. The difference between means
estimated by ANOVA did not reach statistical significance
(Table 4).

DISCUSSION

The higher temporal resolution of navigator-gated TPM allowed
visualization of new details of LV wall motion. The higher peak
systolic radial velocities of the anterior and inferior segments
compared with septal and lateral segments recorded at the LV
base and mid-ventricle are rather suggestive of a relatively higher
dynamics of anteroposterior vs lateral LV inward motion. The
upright directed notch in early diastole (wave b in Figures 1-4)
reflects a brief thrust of inward movement in early diastole
(when the notch is above zero) or a sudden deceleration in the
radial expansion of the ventricular wall (when the notch is below
zero). The notch is synonymous with the notch seen on the
aortic pulse wave, corresponding to the expected timing of the
reflected pressure wave reaching the left ventricle and has been
described elsewhere.'”

The additional wave of outward radial movement during rapid
ventricular filling (wave d in Figures 1-3) corresponds to the

expected timing of the third heart sound. Studies involving
mechanical correlations have shown that the third heart sound
could be related to ventricular wall vibrations during rapid
filling,"®'” and our results support this hypothesis. A schematic
representation of LV segments in the cross-section and their
relationship to the direction of ventricular inflow is shown in
Figure 5. The septal myocardium and the inferolateral segment
(i.e. Segment 5) are likely to be particularly influenced by ven-
tricular filling because of the direction of blood flow. The ad-
ditional wave of outward radial motion we observed was
particularly prominent in these segments, further supporting the
ventricular theory of the third heart sound.

Another interesting finding was the biphasic radial expansion of
Segment 2 (Figure 1, Segment 2, waves ¢ and d). We hypothesize
that this can be explained by the simultaneous longitudinal
displacement of the left ventricle following repolarization. During
systole, the entire ventricle was pushed in an opposite direction to
the ejected blood, synonymous to a canon after being fired,
stretching the great vessels and elastic structures to which it was
attached.” After repolarization, the stretched aortic root and
pulmonary artery are pulling the ventricular base towards its
initial location and this recoil motion may be responsible for the
biphasic radial expansion noted in anteroseptal segments. As the
basal anteroseptal segment (i.e. Segment 2), which is located in
immediate proximity to the great vessels, was pulled upwards with
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Figure 8. A representative sagittal image (A) and the positioning of basal (B), mid-ventricular (C) and apical (D) segments during
the scan. The image confirms the inferior position of Segments 5 and 11, probably causing an initial delay in their radial expansion.
Segments: 1, basal anterior segment; 2, basal anteroseptal segment; 3, basal inferoseptal segment; 4, basal inferior segment; 5, basal
inferolateral segment; 6, basal anterolateral segment; 7, mid-anterior segment; 8, mid-anteroseptal segment; 9, mid-inferoseptal
segment; 10, mid-inferior segment; 11, mid-inferolateral segment; 12, mid-anterolateral segment; 13, apical anterior segment; 14,
apical septal segment; 15, apical inferior segment; and 16, apical lateral segment. RV, right ventricle; LV, left ventricle.

significant force, its radial movement was also affected (Figure 6,
panel A). To test this hypothesis, we studied both longitudinal and
radial velocities of Segment 2 recorded simultaneously (Figure 6,
panels B and C). After repolarization (denoted by the T wave on
electrocardiography), Segment 2 started moving upwards and
outwards as reflected by negative values on longitudinal and radial
velocity graphs (Figure 6, arrows a and d). The upward directed
notch at the beginning of diastole shows a brief deceleration in the
started upward movement (wave b) and radial expansion (wave e),
probably caused by the impact with the reflected pressure wave
travelling in the opposite direction.'” Subsequently, the basal
anteroseptal segment (i.e. Segment 2) continued its upward
movement with increasing velocity over the entire phase of iso-
volumetric relaxation, reaching peak longitudinal velocities at the
beginning of rapid ventricular filling (Figure 6, arrow c). However,
as the velocity of its longitudinal motion increased, the velocity of
the radial expansion was dropping (Figure 6, curve segment be-
tween waves f and g), the lowest velocity values of radial expan-
sion of Segment 2 (Figure 6, arrow g) corresponding to its peak
upward longitudinal displacement (Figure 6, arrow c). Although
in most ventricular segments outward radial velocities gradually
increased during isovolumetric relaxation (Figure 6, wave k), the
radial expansion of Segment 2 was minimal at the end of this
phase (Figure 6, arrow g). Subsequently, as the velocity of the
upward longitudinal displacement decreased, a second wave of
radial expansion was recorded (Figure 6, wave h), reflecting a bi-
phasic radial expansion in this segment (Figure 6, waves f and h).
The radial expansion of the adjacent Segments 8 and 3 was

similarly affected, but to a lesser extent (Figures 2, 3; Segments 3,
8; arrow c). Although this is likely to relate to the recoiled longi-
tudinal pull of the left ventricle towards its initial location, the
resulting dicrotic wave of outward radial motion of the anteroseptal
ventricular wall occurs in the phase of rapid ventricular filling and
may also contribute to the mechanism of the third heart sound.

The recorded delay in the commencement of radial expansion of
inferolateral segments (i.e. Segments 5 and 11) may be related to
their positioning during the scan (Figure 7). With subjects in the
supine position, the heart was “resting” on the inferolateral seg-
ments, directly affecting their radial expansion. A representative
sagittal image with delineated LV segments is also shown in
Figure 8, which confirms the inferior position of Segments 5 and
11. We hypothesize that this inferior position (with the heart “on
top”) could cause an initial delay in the radial expansion of these
segments until they rotated in a counterclockwise direction as
a result of ventricular untwisting. To explore this hypothesis, we
correlated the circumferential and radial velocities of inferolateral
segments recorded simultaneously (Figure 9). The graphs con-
firmed that radial expansion in these segments began only after
they rotated in a counterclockwise direction, probably enabling
them to “escape” their inferior position. Of note is that the
inferolateral segments may also partially “escape” their inferior
position in early systole, when the entire ventricle rotates in
a counterclockwise direction. During their subsequent clockwise
rotation, however, these segments must “lift” the entire heart
against gravity to return to their inferior position (Figure 9, dashed
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Figure 9. Simultaneous circumferential and radial velocities of Segments 5 and 11. The outward radial expansion was delayed in these
segments until they rotated in a counterclockwise direction (as indicated by the white curved arrow), “escaping” their inferior
position. Black arrows: a, peak counterclockwise velocity at the beginning of systole; b, peak clockwise velocity during ventricular
twisting; ¢, commencement of counterclockwise rotation during ventricular untwisting; and d, commencement of outward radial
expansion. The interval between the dotted and dashed lines represents the period between the commencement of
counterclockwise rotation in diastole and the beginning of radial expansion. Of note is that the inferolateral segments may also
“escape” at least partially their inferior position in early systole when the entire ventricle rotates in a counterclockwise direction
(wave a). During their subsequent clockwise rotation (wave b), however, these segments must “lift” the entire heart against gravity
to return to their inferior position (as indicated by the dashed curved arrow). This may represent another contributing factor for the
slightly lower peak clockwise velocities of inferolateral segments that we reported previously.!
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curved arrow). This may represent another contributing factor for the study. Assessing regional wall motion findings in a larger range
the slightly lower peak clockwise velocities of inferolateral segments of healthy volunteers and patients with cardiac diseases would help
that we reported previously." Such a limitation in the clockwise confirm this hypothesis. Correlating the size of this additional
rotation of inferolateral segments owing to their inferior position- wave of outward radial motion with phonocardiographic record-
ing is expected to be more pronounced at the LV base (Figure 7), ings may provide new information about its diagnostic value and
which is also consistent with our previous findings." usefulness in clinical practice. Direct velocity measurements could

be performed only for the inner (endocardial) and outer (epi-
Study limitations and perspectives cardial) layers, which were related to spatial resolution parameters.
The additional wave of outward radial wall motion corresponding Transmural peak velocities were inferred automatically as averaged
to the expected timing of the third heart sound represents an peak values of the inner and outer layers. The myocardial apex
incidental finding. Although all subjects were young healthy males segment or apical cap beyond the LV cavity (i.e. AHA Segment 17)
in whom a third heart sound was expected to be present, no was not included in the current study. The cardiac phases were
assessment for the presence of the sound was performed before calculated and normalized for the entire group based on their
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average duration during systole and diastole and not on the timing
of cardiac valves closure and opening, which was not recorded.
The phases are provided for general orientation and, even when
slightly displaced, would not affect data interpretation. New
studies with cardiac MR scans performed on healthy subjects in
a prone position would confirm our hypothesis related to the
particular motion patterns of inferolateral segments.

CONCLUSIONS

The new details of radial wall motion of individual LV segments
obtained using the myocardial velocity-encoding technique
provide new insights into the mechanics of the left ventricle. At
the LV base and mid-ventricle, the higher peak systolic radial
velocities of the anterior and inferior segments are suggestive of
a relatively higher dynamics of anteroposterior vs lateral ven-
tricular wall motion in systole. The outward radial movement of

BUR

LV segments impacted by the blood flow during rapid ventricular
filling provides a potential substrate for the low-frequency brief
vibratory sound synonymous with the auscultatory findings of the
third heart sound. A biphasic radial expansion of the basal
anteroseptal segment is likely to be related to the simultaneous
longitudinal displacement of the left ventricle in early diastole by
the stretched great vessels and their close apposition to this seg-
ment. This biphasic wave of sudden alternating motions may also
contribute to the mechanisms of the third heart sound. An initial
delay in the radial expansion of inferolateral segments is most
likely to be related to their inferior position during the scan.
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