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Displacement and Velocity of the Coronary Arteries:
Cardiac and Respiratory Motion

Guy Shechter, Jon R. Resar, and Elliot R. McVeigh

Abstract—This paper presents measurements of three-dimensional (3-D)
displacements and velocities of the coronary arteries due to the myocar-
dial beating motion and due to breathing. Data were acquired by recon-
structing the coronary arteries and their motion from biplane angiograms
in 10 patients. A parametric motion model was used to separate the car-
diac and breathing motion fields. The arteries move consistently toward
the left, inferior, and anterior during a cardiac contraction. The displace-
ment and velocity of the right coronary artery during a cardiac contraction
was larger than measured for the left coronary tree. Cardiac motion dom-
inates the respiratory motion of the coronary arteries during spontaneous
breathing. On inspiration, the arteries move caudally, but the motion in the
left-right and anterior-posterior axes was variable. Spatial variation in res-
piratory displacement and velocity of the coronary arteries indicates that
the breathing motion of the heart is more complex than a 3-D translation.

Index Terms—Chest imaging, coronary arteries, motion, X-ray angiog-
raphy.

I. INTRODUCTION

MOTION during computed tomography (CT) or magnetic res-

onance (MR) imaging generates artifacts that degrade image
quality [1], [2]. Gating techniques are routinely used to “freeze” the
heart for cardiac imaging [3]. The beating motion of the heart is com-
pensated by synchronizing the image acquisition with the electrocar-
diogram (ECG). When imaging times exceed breath hold durations,
respiratory motion needs to be addressed [4].

When gating both the cardiac and respiratory motions concurrently,
alow imaging duty cycle can result in scan durations that are clinically
impractical. Imaging times can be shortened by increasing the amount
of data acquired for each gating trigger. However, longer image acquisi-
tion windows can introduce motion that would degrade image quality.
Yet, if the physiologic motion can be measured or modeled, motion
compensation methods can be used to prospectively modify the image
acquisition, or to retrospectively correct the acquired data, in order to
reduce both motion artifacts and scan times [5].

Improving motion correction techniques for imaging the heart and
the coronary arteries requires a better understanding of the natural mo-
tion of the heart. The purpose of this study was to measure the three-di-
mensional (3-D) displacement and velocity of the coronary arteries
from free breathing coronary angiograms, and to understand the in-
dividual contributions of the cardiac contraction and breathing. This
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study complements a recently published report on the rest periods of
the coronary arteries during the cardiac and respiratory cycles [6].

II. METHODS
A. Imaging

Biplane coronary angiograms were acquired using conventional
techniques with a Siemens HICOR Angiography system at 30
frames/s. Each angiogram captured 3—-6 s of motion including several
cardiac cycles and approximately one respiratory cycle of motion.
Patients were given no breathing commands to avoid making them
conscious of their breathing.

B. Patients

Conventional biplane coronary angiograms were obtained in 8 male
and 2 female patients (mean age, 65 = 11 years) referred for diagnostic
left heart catheterization. All patients gave written informed consent to
participate in this institutional review board approved study. Four pa-
tients had mild dilated cardiomyopathy, and two had mild to moderate
hypertrophy.

C. Recovering Coronary Artery Motion

The motion of the arteries was recovered from each biplane an-
giogram dataset using stereo reconstruction and motion tracking tech-
niques. First, a static 3-D model of the coronary arteries was recon-
structed at mid-diastole from one pair of images. The images were pro-
cessed with filters that enhance the location of arteries [7], and the arte-
rial centerlines were semi-automatically drawn in the two images. Point
to point correspondences between the arteries drawn in the two projec-
tions were computed automatically and a 3-D model was reconstructed
using knowledge of the geometry of the imaging system [8]. Using the
static coronary tree model as an initial state, the 3-D motion of the
arteries was recovered using an automatic motion tracking algorithm
[9]. This algorithm calculates the best 3-D transformation of the re-
constructed coronary tree model such that the projection of the arteries
remains consistent with the temporally changing image sequence. An
energy minimization framework was formulated that uses analytical
gradient descent to recover the parameters of the rigid body, affine, and
local deformation field that changes the shape of the coronary arteries.
Additional constraints were used to ensure a spatially smooth deforma-
tion field, and to prevent large changes in the 3-D length of the coro-
nary arteries during their deformation. Validation experiments with a
moving vascular phantom demonstrated a reconstruction root-mean
square error (RMSE) of 0.66 & 0.04 mm, and a motion tracking RMSE
of 0.69 + 0.06 mm.

The motion field, d(x, p), recovered from each dataset represents the
arteries while the heart is beating and the patient is breathing. The field
is a function of cardiac phase (x) and respiratory phase (p). x is a mea-
sure derived from the ECG that represents the percentage of the cardiac
cycle with y = 0 and x = 1 corresponding to successive QRS peaks.
p is calculated from the angiograms by measuring the displacement
of the diaphragm-lung interface relative to end-expiration [10]. A pro-
file perpendicular to the diaphragm—Iung interface was manually po-
sitioned on a first image, and all the images in a dataset were sampled at
this location. The displacement of the diaphragm—Ilung interface over
time generates a one-dimensional (1-D) curve that was manually seg-
mented using a B-spline approximating curve, with the maximum and
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minimum values corresponding to end-expiration (p = ()) and end-in-
spiration (p = =£1) The sign of p depends on whether the image is
acquired during inspiration (+) or expiration (—).

A parametric cardiac respiratory model was used to decompose the
motion field into independent cardiac and respiratory motion compo-
nents so that

d(x, p) = do(x) + d.(p) )

where d..( ) represents only the cardiac contraction, and d, (p) repre-
sents the respiratory motion [11]. The functions d.(x) and d,(p) are
modeled as periodic B-spline basis functions, and the B-spline control
points are optimized so that the model approximates the displacement
field recovered from the vessel motion tracking algorithm. The decom-
position is made possible with the assumption that the cardiac and res-
piratory motion fields are independent. These parametric functions are
smooth and interpolating in nature, which enables the interpolation of
the deformation field at cardiac-respiratory phase combinations other
than those seen in the angiogram. After recovering d.. and d,., these sub-
fields were independently applied to displace the coronary tree models,
allowing us to study the cardiac contraction and breathing motions sep-
arately.

D. Data Evaluation

The right coronary artery (RCA) was studied in four patients. The
RCA was divided into proximal, middle, and distal thirds by an inter-
ventional cardiologist [12]. Three points on the RCA were selected for
study: 1) RCA: the RCA origin; 2) RCA 5 4 the point of intersec-
tion of the proximal and middle thirds, which is approximately one-half
the distance to the acute margin of the heart; 3) RCA 4s: the point of
intersection of the middle and distal thirds, which is the acute margin
of the heart.

The left coronary tree was studied in seven patients. Four landmarks
were systematically identified for further study: 1) LMo: the left main
(LM) origin; 2) LM : the LM bifurcation; 3) LADs: a point on the left
anterior descending artery 5 cm away from the LM origin; 4) LCxs: a
point on the left circumflex 5 cm from the LM origin.

The cardiac-only motion field was applied to the 3-D coronary model
and mutually orthogonal 1-D displacements were measured along the
patient’s left-right (LR), inferior-superior (IS), and posterior-anterior
(PA) axes. The reference position was end-diastole (y = 0). Breathing
was held fixed at end-expiration by setting a constant p = 0 and eval-
uating (1) at different values of x.

Similarly, respiratory motion was analyzed using the respira-
tion-only motion field, with respect to end-expiration (p = 0).
Cardiac phase was fixed at mid-diastole by setting y from (1) to a
constant. This value was determined independently for each patient
by examining the angiogram image sequence and finding the cardiac
phase in diastole that had the smallest frame-to-frame motion of the
coronary arteries.

Velocities were computed by finite differences of the position mea-
surements. Peak velocity was determined for each patient during three
subphases of the cardiac cycle: 1) systole (0 < x < 0.42); 2) the rapid
filling phase of early diastole (0.42 < y < 0.70); 3) atrial contraction
(0.80 < y < 1). Mean and peak velocities were calculated separately
for expiration (—1 < p < 0) and inspiration (0 < p < 1).

E. Statistics

Measurements are reported as a mean = one standard deviation. Dis-
placements and velocities were compared using a two-tailed Student’s
t-test with significance level of 0.05. The t-test for paired samples was
used when comparing results within a patient. Multiple pair-wise com-
parisons were performed using a Bonferroni t-test [13].
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TABLE 1
MAXIMUM DISPLACEMENT OF CORONARY LANDMARKS DURING A CARDIAC
CONTRACTION IN MILLIMETERS (mm). 3-D=THREE-DIMENSIONAL;
LR=LEFT-RIGHT; IS=INTERIOR-SUPERIOR; PA=POSTERIOR-INFERIOR.
POSITIVE DISPLACEMENT IS TOWARDS THE LEFT, INFERIOR, AND
POSTERIOR, RESPECTIVELY

Coronary 3D LR IS PA
Landmark (mm) (mm) (mm) (mm)
RCA, 144 +19 | 8717 | 46+ 03 | -11.0 £ 2.6
RCApsaym || 263 £3.1 | 15018 | 72+ 1.6 | -204 + 4.0
RCAam 2324+ 1.6 | 123 +£2.6 | 62+ 1.7 | -183 £ 3.2
LM, 79+22 | 48+22 [43£1.1 | 46+£1.6
LMp 85+ 17 | 53+£18 |47+£06 | 49+£15
LADs3 9.6 £ 1.3 50£23 | 57£09 | 48 +35
LCxs 121 +24 | 68+34 | 73+19 | -6.8+1.8

III. RESULTS
A. Cardiac Displacement

Patient-averaged peak 1-D and 3-D displacements of the coronary
landmarks during the cardiac cycle are summarized in Table I. As the
heart contracts, the motion of the landmarks was consistently toward
the patients’ left inferior and anterior, with larger magnitudes seen for
the RCA. The displacement of the RCA ostium over a cardiac cycle is
shown in Fig. 1 for four patients.

The maximum 3-D displacement of the RCA ostium during the car-
diac cycle (mean, 14.4 £ 1.9 mm) was significantly less than the peak
3-D displacement of the distal landmarks, RCA 543/ (mean, 26.3 £
3.1 mm, P < 0.001, Bonferroni t-test with three comparisons), and
RCA 4ps (mean, 23.2 £ 1.6 mm, P < 0.003, Bonferroni t-test with
three comparisons).

The peak 3-D displacement of the left circumflex landmark during
the cardiac cycle (mean, 12.1 & 2.4 mm) was significantly higher than
the peak 3-D displacement of LMo (mean, 7.9 & 2.2 mm, P < 0.001),
LMpg (mean, 8.5+ 1.7 mm, P < 0.001),and LAD5 (mean, 9.6 £ 1.3
mm, P < 0.004, Bonferroni t-test with six comparisons).

B. Respiratory Displacement

Patient-averaged peak 1-D and 3-D displacements of the coronary
landmarks over a respiratory cycle are presented in Table II. The magni-
tude of motion is similar for the right and left coronary arteries, with the
heart moving toward the patient’s feet from end-expiration to end-in-
spiration. The direction of motion in the LR and PA axes was more
variable. The displacement of the RCA ostium over a tidal respiratory
cycle is shown in Fig. 2.

Larger displacements were measured distally along the RCA, where
the displacement at RCA 43; was statistically larger than at RCAp
(P < 0.007, Bonferroni t-test with three comparisons). The displace-
ment at LCxs was statistically larger than at LMo (P < 0.0001) and
at LMp (P < 0.002, Bonferroni t-test with six comparisons).

C. Cardiac Velocity

Patient-averaged peak coronary velocities during the three high-ve-
locity phases of the cardiac cycle are summarized in Table III. The ve-
locity of the left coronary landmarks over a cardiac cycle are plotted in
Fig. 3. The profiles are similar to those observed for the RCA, but the
magnitude of the velocity was larger for the left coronary.

Distal segments of the RCA had higher velocities than proximal re-
gions. During systole, the peak velocity at RCA 5437 (mean, 130.7 £
19.4 mm/s) was statistically higher than the peak velocity at the RCA
ostium (mean, 69.8 & 13.8 mm/s, P < 0.001, Bonferroni t-test with
three comparisons).
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Displacement of the RCA origin during the cardiac contraction. The plots show individual results for four patients (thin lines) and the mean displacement

(thick line). One-dimensional displacements are with respect to the patient’s (a) left-right, (b) inferior-superior, and (c) posterior-anterior axes. Positive
displacements are toward the left, inferior, and posterior, respectively. The shape of the 3-D magnitude displacement curve (d) has several features: 1) a large
rapid systolic motion from x = 0 to x = 0.4; 2) a variable length end-systolic period of stasis at x & 0.4; 3) a rapid motion corresponding to early diastolic
filling from x = 0.4 to x = 0.6; 4) a static period at mid-diastole (diastasis) from y = 0.6 to x = 0.8; 5) a rapid motion corresponding to the atrial contraction
from xy =~ 0.8 to x & 1. Individual patient variability affects the shape and duration of these features.

TABLE 1II
MAXIMUM DISPLACEMENT OF CORONARY LANDMARKS DURING A TIDAL
BREATH IN MILLIMETERS (mm). 3-D=THREE DIMENSIONAL; LR=LEFT-RIGHT;
IS=INTERIOR-SUPERIOR; PA=POSTERIOR-INFERIOR. POSITIVE DISPLACEMENT
IS TOWARDS THE LEFT, INFERIOR, AND POSTERIOR, RESPECTIVELY

Coronary 3D LR IS PA
Landmark (mm) (mm) (mm) (mm)
RCAy 5013 |-05+28|41+£16|-04+13
RCAsapm || 64+£19 | -03£34|51+£21|-1.0+25
RCAam 72£22 | -13+£16 | 5931 | -21+£27
LM 46+14]-04£30|41£10|-08=%1.1
LMp 50£1.6|-01+30|43+11]-08+14
LAD; 5621 | 0135 | 4718 |-07£19
LCzs 63+16| 03£28 |56+15]-06+19

The left circumflex had higher velocities than the LM ostium during
the cardiac cycle. The peak velocity of LCxs during systole was 56.4
=+ 10.3 mm/s compared with peak velocity at LM ¢ of 34.5 &+ 8.8 mm/s
(P < 0.0005, Bonferroni t-test with six comparisons). This statistical
relationship was also observed in the rapid filling phase of early diastole
(P < 0.004), and the atrial contraction (P < 0.0005).

D. Respiratory Velocity

Velocity plots of the coronary arteries during a tidal respiratory
breath (Fig. 4) show two high-velocity regions corresponding to
expiration (p < 0) and inspiration (p > 0), bounded by low velocity

periods at end-inspiration (p = =+1) and at end-expiration (p = 0).
Patient-averaged peak inspiratory and expiratory velocities are sum-
marized in Table IV.

The peak expiratory velocities measured for the RCA were between
3.3-8.6 mm/s in four patients, with significantly higher peak velocities
at the distal landmark RCA 4, (mean, 6.4 = 1.7 mm/s) than at the
RCA ostium (mean, 4.5 £+ 1.6 mm/s, P < 0.008, Bonferroni t-test
with three comparisons).

IV. DISCUSSION

The displacement and velocity of the RCA during a cardiac contrac-
tion was larger than for the left coronary tree. The RCA is found in the
atrio-ventricular groove, located at the base of the heart. Studies of the
mechanics of the heart have identified more motion at the base than
at the apex. This topographic effect is consistent with the observation
that among the left coronary vessels, the circumflex artery, which also
follows the atrio-ventricular groove, has larger displacements and ve-
locities.

Cardiac motion dominates the respiratory motion of the coronary
arteries. Three-dimensional (3-D) displacements of up to 30 mm were
observed in the proximal 7.5 &£ 1.1 cm of the RCA. Tidal respiratory
motion of the same anatomic region was up to 9.7 mm. In the proximal
5 cm of the left coronary tree—including the left main, left anterior
descending, and left circumflex arteries—the maximum 3-D displace-
ment was 16.2 mm due to cardiac motion, and 9.3 mm due to breathing.
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Fig. 2. Displacement of the RCA origin during a tidal breathing cycle. The plots show individual results for four patients (thin lines) and the mean displacement
(thick line). One-dimensional displacements are with respect to the patient’s (a) left-right, (b) inferior-superior, and (c) posterior-anterior axes. Positive
displacements are toward the left, inferior, and posterior, respectively. Since end-expiration was the reference state, the shape of the 3-D magnitude displacement
curve (d) has a minimum at end-expiration (p = 0), and a maximum near end-inspiration (p = £1).

TABLE 1III
MAXIMUM 3-D VELOCITY OF CORONARY LANDMARKS DURING A CARDIAC
CONTRACTION IN MILLIMETERS PER SECOND (mm/s)

Coronary Systole Diastolic Filling | Atrial Contraction
Landmark (mm/s) (mm/s) (mm/s)
RCAy 69.8 + 13.8 41.1 + 15.0 63.0 = 214
RCAsam 130.7 £ 19.4 70.4 £ 36.2 120.8 £ 46.7
RCAam 101.8 + 134 60.1 + 23.8 103.4 £+ 40.7
LM, 345 £ 8.8 279 £ 9.2 29.1 + 13.8
LMp 39.1 £ 54 326 £ 11.3 31.5 £ 139
LAD:s 475+ 93 35.6 £ 12.6 36.8 £ 14.3
LCxs 56.4 £ 10.1 46.7 £ 17.9 51.3 £ 28.3

The displacement of the coronary arteries was directed caudally on
inspiration. The motion in the left-right and anterior-posterior direc-
tions was more variable between patients. The direction of motion was
unbiased in these two axes, with the standard deviation of the motion
larger than the mean. Distal arterial segments showed larger veloci-
ties than proximal segments. Spatial variation in respiratory displace-
ment and velocity indicates that the global motion of the heart during
breathing is more complex than a 3-D translation. For a given landmark,
mean and peak velocities were higher during expiration than during in-
spiration. This can be explained primarily due to the difference in the
duration of the inspiratory and expiratory maneuvers since the overall
displacement during the two phases was equal in magnitude.

A. Comparison With Previous Studies: Cardiac Motion

Measurements of coronary motion have been made previously. The
majority of the literature contains studies of the cardiac motion of the

heart during a breath hold, with fewer reports of respiratory motion of
the arteries. Confidence in our results is obtained by comparing them
with reports of motion parameters found in these previous works.

A plot of RCA displacement as a function of the cardiac cycle found
in [14] (see Fig. 5) is very similar to Fig. 1(d). Saranathan et al. acquired
MR images with a voxel resolution of 2.8 X 1.4 X 5 mm and reported
peak RCA displacements of approximately 15-20 mm. We found a
range of 13—17 mm for peak RCA ostium 3-D displacement.

Hofman et al. measured the in-plane cardiac motion of the coronary
arteries in cross sectional images with a voxel size of 1 X 1.4 X 5 mm
[15]. Measurements were reported for four landmarks that matched
closely with the location of our landmarks. They reported maximum
in-plane displacements of 25 £ 5 mm for the RCA, 9 £ 1 mm for the
LM, 11 & 4 mm for the LAD, and 12 & 2 mm for the LCx. Our 3-D
measurements were nearly identical: 26 & 3 mm for RCAp, 8 £ 2
mm for LMo, 10 & 1 mm for LADs, and 12 & 2 mm for LCxs. The
close similarities in the two-dimensional (2-D) and 3-D measurements
suggests that the choice of imaging planes proposed in [16] may be
effective because they minimize the effects of through-plane arterial
motion during the cardiac cycle.

The 3-D velocity of the coronary arteries during a cardiac contrac-
tion was measured with multislice spiral CT by Vembar et al. [17].
Systolic velocities of 47 &= 22 mm/s were reported at the RCA ostium,
and 91 + 42 mm/s at RCA 4. Our data showed the same trend to-
ward higher velocities at distal RCA landmarks, but we found larger
velocities (RCAp = 70 £ 14 mm/s; RCA 4as = 102 £ 13 mm/s).
For the left coronary tree, they reported systolic velocities of 29 + 12
mm/s, 24 + 13 mm/s, and 68 £ 28 mm/s, respectively, at the left main
ostium, left anterior descending, and left circumflex arteries. In com-
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Velocity of the left coronary tree during the cardiac contraction. The plot shows individual results for seven patients (thin lines) and the mean velocity

(thick line). Velocities are plotted at (a) the LM ostium, (b) the LM bifurcation, (c) a point on the LAD 5 cm from the LM ostium, and (d) a point on the LCx 5

cm from the LM ostium.

TABLE IV
MAXIMUM 3-D VELOCITY OF CORONARY LANDMARKS DURING A
SPONTANEOUS TIDAL BREATH IN MILLIMETERS PER SECOND (mm/s)

Coronary Expiration | Inspiration
Landmark (mm/s) (mm/s)

RCA, 45+ 16 | 6.6 £13
RCAsam 57+ 1.6 | 80%25
RCAam 64+17 | 9.0=+3.1
LM, 55+£20 | 6018
LMp 57+24 | 63+20
LAD:s 7.6 £39 | 7.8 £3.0
LCuzs 6.9 3.1 | 85+43

parison, our measurements were 35 = 9 mm/s, 47 = 9 mm/s, and 57
=+ 10 mm/s. The CT reconstruction algorithm generated images every
12.5% of the cardiac cycle by pooling data over a 250-ms window.
Temporal smoothing due to long imaging windows could lead to an
underestimation of peak velocities.

B. Comparison With Previous Studies: Respiratory Motion

Published reports on the motion of the heart due to breathing used
ECG-gated MR imaging to freeze cardiac motion. A discussion of
the respiratory displacements reported in the literature follows. To the
best of our knowledge there are no reports of coronary velocity during
breathing.

Bogren provided the first quantitative study of the respiratory motion
of the heart from X-ray cineangiograms [18]. He observed that the su-
perior-inferior (SI) motion at the valve planes was approximately half

as much as the SI motion of the diaphragm, which averaged 15 mm
(range=10-19 mm) during normal respiration; this reflects an SI mo-
tion of the valve planes of 5-10 mm. We reported mean SI displace-
ments of 5.9 & 3.1 and 5.6 £ 1.5 mm, respectively, for the anterior
margin of the right coronary and for the left circumflex artery. These
anatomical landmarks are found in the atrio-ventricular groove, which
corresponds to the valve plane used by Bogren.

More recently, the few published experimental reports on the motion
of the coronary arteries due to breathing have used ECG-gated MR
imaging to freeze the effects of cardiac motion. The nature of the MR
acquisition has resulted in two general classes of imaging protocols:
1) 2-D and 3-D imaging at multiple breath holds simulating normal
breathing; 2) 2-D real time imaging during free breathing. Neither of
these methods is suited for measuring 3-D respiratory motion during
free breathing. In contrast, the biplane X-ray coronary angiograms used
in this study offered higher temporal and spatial resolution images, and
using computer vision reconstruction methods, the ability to make 3-D
measurements from a single spontaneous breathing cycle.

Wang et al. measured the tidal respiratory displacement of the coro-
nary arteries in ten healthy volunteers using 2-D MR imaging with a
voxel size of 1.1 X 2.2 x 5 mm [19]. In 10 patients, the displacement
of the RCA ostium was 10.5 & 4.8 mm in the cranio-caudal direction
and 2.3 = 1.4 mm in the anterior-posterior direction. The LAD was
reported to move 13.1 = 4.1 mm and 2.0 & 0.7 mm in those axes. The
cranio-caudal displacements are nearly three times larger than we mea-
sured (RCAp: 4.1 £ 1.6 mm; LAD;5: 4.7 & 1.8 mm). Wang acquired
images during a breath hold, and the tidal respiratory range was sam-
pled by asking the patients to hold their breath at different respiratory
positions. The average diaphragmatic displacement was reported to be
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Fig. 4. Velocity of the RCA during a tidal breath. The plot shows individual results for four patients (thin lines) and the mean velocity (thick line). Velocities are
plotted at (a) the RCA ostium, (b) a point on the RCA halfway to the anterior margin, and (c) a point on the RCA at the anterior margin of the heart.
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Displacement of the proximal RCA in 12 subjects as a function of the cardiac phase [14]. These measurements were made from 2-D breath held magnetic

resonance images, and correlate well with results obtained in this study as shown in Fig. 1(d).

20 mm, which is larger than diaphragmatic displacements observed
during free breathing. This suggests that simulated tidal breathing mo-
tion would produce larger displacements than we would observe during
spontaneous tidal breathing. Results supporting this hypothesis were
presented in [20].

Secondly, displacement measurements were made in 2-D images,
which raises the concern that the measurements made between two
images at different respiratory positions did not track material points.
Finally, compared to the 33-ms temporal resolution we obtained with
X-ray angiography, the temporal resolution of the MR acquisition was

117 ms, and images were created by combining data acquired over 16
heartbeats. Temporal averaging may have caused displacement from
the cardiac contraction, or variances in beat-to-beat motion of the ar-
teries, to be classified as respiratory motion.

LM cranio-caudal displacements of 9 £+ 3 mm during tidal respira-
tion were measured using real-time MR imaging in 12 healthy volun-
teers [21]. Two-dimensional slices with a voxel size of (0.75 — 2.2) X
(0.75=2.2) x 4 mm were acquired during one 100 = 10-ms temporal
window. These free breathing results are smaller than those reported
by Wang, but still larger than our measurements.
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McLeish et al. reported the respiratory displacement of a point along
the RCA using 3-D MR imaging with 25-30 s breath holds [22]. The
temporal resolution of the images was 180 ms, and the spatial resolu-
tion was 1.4 x 1.4 x 6 mm. The mean displacement was 8.2 £ 3.4
mm in 9 patients, and 17 & 4.3 mm in 8 volunteers. It is difficult to di-
rectly compare the results since the position of their RCA landmark is
not known, but their patient results are similar to the 3-D displacements
we measured in patients at RCA 5437 (6.4 £ 1.9 mm) and RCA 4ns
(7.2 &£ 2.2 mm).

V. CONCLUSION

Displacement and velocity measurements of the coronary arteries
were made from X-ray angiograms. Measurements of displacement
during the cardiac cycle correlate well with published measurements
obtained during a breath-hold. Measurements of the breathing motion
of the heart were smaller than those previously reported with MR tech-
niques that relied on simulated breathing or data averaging across mul-
tiple cardiac and respiratory cycles.
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