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ABSTRACT

Volume and phase characteristics of the left ventricle (LV) and left atrium (LA) were
assessed in 31 healthy Asian adults (19 males and 12 females) using cine magnetic
resonance imaging (MRI) and an automated boundary detection algorithm. Volume
indexes of the LV and LA were smaller than published results obtained mostly from
Westerners. Other than LV mass index and percent emptying of the LA, there was no
gender difference in all LV/LA indexes. In associating LV/LA functions with the body
size and heart rate (HR), we found that LV mass and the minimum LA volume
correlated strongly with the body surface area, the maximum LA volume and the
reservoir volume correlated strongly with the body weight, and the time to LV peak-
filling rate (LVPFRt) and the time to LA peak-emptying rate (LAPERt) correlated
strongly with the HR. In associating LV with LA functions, we found that LA conduit
volume contributed more than 50% of the LV stroke volume, and correlated with
both systolic and diastolic functions of the LV. Moreover, LVPFRt and LAPERt were
virtually identical, indicating a mechanical coupling between LV and LA during
diastole. In conclusion, using time-resolved, three-dimensional volume data
obtained from cine MRI, we have established normative values of LV and LA
functions and their functional relationships in healthy Asian adults. The imaging
acquisition protocol, data analysis algorithms, and the established normative values
provide the basis for the study of left heart function in patients.
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INTRODUCTION

Left heart function of a patient with cardiac disease is
important for disease stratification and treatment
planning."'*! Recent advances in magnetic resonance
imaging (MRI) provide a noninvasive method to assess
functional status of the left ventricle (LV) and left atrium
(LA).'3_13] In addition to the absence of radiation
hazards, three-dimensional volumes of the LV and LA
can be acquired directly with MRI, without resorting to
any geometric assumption.''*'>! Cine MRI, by using fast
gradient echo sequences and cardiac gating techniques, is
able to provide movies of cardiac motion showing
distinct contrast between the myocardium and the blood,
and is considered an ideal tool for assessing cardiac
functions. The validity and reproducibility of cine MRI
in quantifying cardiac volumes have been established in
both ex vivo and in vivo studies.'®~2°! To date, cine MRI
has been used as a gold standard for validating new
techniques such as three-dimensional echocardiography,
three-dimensional SPECT, or other cine MRI using faster
sequences. 130-321

Although cine MRI is potentially useful in assessing
left heart function, its routine use in clinical setting has
been hampered by long post-processing time. To obtain
volume—time curves of the LV and LA and from which to
calculate volume and phase parameters, short-axis slices
in 15 consecutive levels and at temporal resolution of at
least 30 msec are typically required. Approximately 350—
450 images must be analyzed to determine endocardial
contours either manually or with commercially available
algorithms. Both methods would take 20—-30min per
level, amounting to 5—7 hr to finish a case.

Recently, we have developed a robust edge detection
algorithm capable of analyzing the entire image data in
30 min, greatly facilitating systematic studies on systolic
and diastolic functions of the left heart by cine MRI.**!
Therefore, the goal of this paper is to establish normative
values of LV and LA functions and their functional
relationships in healthy subjects.

MATERIALS AND METHODS
Study Population

Thirty-one healthy subjects with no history of cardiac
disease were studied (19 males and 12 females). The age

ranged from 21 to 58years, mean * SD =32 *
10 years. Basic information about the study population
including age, body height (BH), body weight (BW),
body surface area (BSA), and heart rate (HR) was
summarized in Table 1. All gave informed consent
before MRI examination.

Image Acquisition

The study was performed in a 1.5T MRI system
(Magnetom Vision, Siemens, Nuremberg, Germany). A
4-channel phased array torso coil was used to minimize
spatial dependence of the signal intensity.

We determined short-axis view for cine MRI as
follows: based on tri-planar scout images, axial images of
the LV were acquired with a breath-hold fast gradient
echo sequence. From axial images, images in vertical
long-axis view with the same breath-hold technique were
acquired by paralleling the slice plane with the
interventricular septum. A plane perpendicular to
vertical long-axis view, and containing LV apex and
the center of the mitral valves was defined to produce
horizontal long-axis view (Fig. 1a). Short-axis view was
then determined with the slice planes perpendicular to
horizontal long-axis plane and the LV axis (Fig. 1b).

Cine MRI was acquired with prospective electro-
cardiographic (ECG) R-wave trigger. The pulse
sequence used a two-dimensional gradient echo tech-
nique with TR/TE/flip angles = 30 msec/7 msec/30°.
Contiguous short-axis slices were prescribed from the
LA top to the LV apex with slice thickness of 10 mm. To
avoid cross talks between adjacent excitation pulses, two
levels separated by a half of the range of coverage were
scanned per acquisition. A total of approximately 12—14
short-axis slices were obtained depending on the cardiac
size. Setting temporal resolution at 30 msec, the total

Table 1

Study Population

All (n=31) Male (n = 19) Female (n = 12)

Age (years) 32 =10 32 =10 33+ 11
Height (cm) 166.1 =79 170.6 £5.3 1589 = 5.7
Weight (kg) 63.8 £ 104 677938 57.6 £ 83
BSA (m?) 1.71 £ 0.16  1.79 = 0.14 1.58 = 0.11
HR (bmp) 67 = 8 68 £ 8 659
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(b)

Figure 1. Determination of short-axis view in cine MRI. (a) From an image in vertical long-axis view, a line connecting LV apex
and center of the mitral orifice was determined to define the imaging plane in horizontal long-axis view. (b) From horizontal long-axis
view, a plane perpendicular to the imaging plane and orientation of the interventricular septum was determined for short-axis view.
Cine MRI in short-axis view at multiple levels encompassing the LV and LA was then performed. Multiple parallel segments shown in
(a) and (b) are short-axis planes intersecting with the vertical long-axis plane and horizontal long-axis plane, respectively.

number of cardiac phases was determined as 90% of R—
R interval divided by 30msec. In-plane resolution of
1.2 mm was obtained with field-of-view (FOV) of 30 cm
and a matrix size of 128 X 256 interpolated to 256 X 256.
The total scanning time was about 40 min yielding cine
MRI data set of 12—14 cardiac levels, and 25—-30 cardiac
phases for each level. Heart rate was recorded at the
beginning, middle, and end of the examination.

Image Analysis

Detailed procedures of the edge detection method
were described previously.'**! In short, a user-interface
graphics program for boundary detection was developed
based on a gray-level auto-contouring algorithm
provided by MATLAB 5.2 (Mathworks, Inc., Natick,
MA, USA). Loose iso-contours were generated at an
increment of 10 in signal intensity (Fig. 2a). Two
adjacent iso-contours closest to the interface between
myocardial wall and chamber cavity were chosen.
Between these two contours, dense iso-contours were
generated at an increment of one in signal intensity (Fig.
2b). The iso-contour closest to the wall—cavity interface
was then chosen as the boundary (Fig. 2¢). Boundaries of
LA and LV were determined by a trained operator (TYL)
and double-checked with a certified radiologist (WYT).
The coordinates for the points on the boundaries were
determined, and the area enclosed by each boundary was
computed. The LV and LA volumes were then
determined by Simpson’s rule, namely the sum of the
areas of the corresponding levels multiplied by the slice

thickness:

n
LV or LA volume = (ZA,)d 1)

i=1

where 7 is the number of slices covering the LV or LA, A;
is the area enclosed by the boundary at ith level, and d is
the slice thickness.

Approximately 90% of the boundaries determined in
this way showed satisfactory results. Manual correction
was performed for the remaining 10% that failed to
delineate the entire wall—cavity boundary. This occurred
at end systole when the blood signal was indistinguish-
able from the myocardial signal. In this study, papillary
muscles and pulmonary veins were excluded from the
LV and LA volumes. At the junction of LV and LA, LV
outflow tract and LA appendage were identified and
included in the volumetry.

To determine LV mass, epicardial contours of the LV
atend diastole were detected with the same algorithm. The
auto-contouring algorithm usually cannot give satisfac-
tory results in these regions, and should be corrected
manually. The whole analysis was done interactively with
a home-made graphics-user interface. The time required
to process the entire data set was about 30 min.

Parameters of LV and LA Function
To obtain LV functional parameters, end-diastolic

volume (LVEDV) and end-systolic volume (LVESV)
were read-off directly from the volume—time curves for
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(a) (b) (©

Figure 2. A user-interactive graphics program for determining LV and LA boundaries. (a) Loose iso-contours at an increment of 10
in signal intensity were generated first. Two adjacent contours close to the boundary between myocardial wall and chamber cavity
were chosen. (b) Dense iso-contours at an increment of 1 in signal intensity were plotted. (c) Among these contours, an iso-contour
(indicated as dark line) that is closest to the wall—cavity interface was chosen as the boundary.

the maximal and minimal values, respectively (Fig. 3a). diastole) were read-off from the volume—time curves.
The LV stroke volume (LVSV), cardiac output (CO), and Six relevant values, i.e., cyclic volume change (CC),
ejection fraction (EF) were computed subsequently. Left mid-diastolic expansion (ME), reservoir volume (RV),
ventricular mass (LVM) was computed as the difference LA stroke volume (LASV), LA percent emptying
between LV epicardial volume at end diastole and (PE), and conduit volume (CV) were computed
LVEDYV, multiplied by the density 1.05. according to Jarvinen et al.'"!

Similarly, LA volumes were determined from the LA To obtain rate of change in volumes, time derivatives
volume—time curves. As shown in Fig. 4a, two peaks were computed from the B-spline curves that were fitted
(point B at late systole and point D at late diastole) and to the volume—time data of LV or LA (Figs. 3b
two valleys (point A at end diastole and point C at mid and 4b).** The maximum and minimum values were
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Figure 3. Time course of LV volume index (a) and rate of change in LV volume index (b). From the time curve of LV volume
index, the stroke volume (LVSV), cardiac output (CO), and ejection fraction (EF) were determined: LVSV = LVEDV — LVESV;
CO = LVSV X HR; EF = (LVSV/LVEDV) X 100%.
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Figure 4. Time course of LA volume index (a) and rate of change in LA volume index (b). From the time curve, six relevant values,
i.e., CC, ME, RV, LASV, PE, and CV were determined: CC=B - A; ME=D—-C; RVv=B—-C; LASV=D - A; PE=

100 X CC/B; CV = LVSV — RV — LASV.

identified from time-derivative curves as the peak-filling
rate (PFR) and the peak-emptying rate (PER) of LV or
LA. The times to PFR (PFRt) and to PER (PERt) were
also determined from the curves, and were normalized to
R-R interval of individual subject to minimize HR
dependence.

Interobserver, Intraobserver, and Interscan
Agreement

We assessed the variability between different
observers, between different analyses by the same
observer and between different MR measurements.
Interobserver agreement was studied by comparing
pairs of results in 10 subjects analyzed by two observers.
Two observers were blind to the results of the other’s.
Intraobserver agreement was studied by comparing pairs
of results from the repeated analyses by the same
observer. Two analyses were 3—6 months apart. Inter-
scan agreement was studied on five volunteers by
repeating MRI examinations 2 months apart.

Agreement with Manual Tracing and
Phantom Study

We investigated the agreement between our edge
detection method and manual tracing by comparing pairs
of results in five subjects analyzed by the two methods.
To evaluate the accuracy of our method, beakers of
varying diameters filled with water were scanned using
the same MRI pulse sequence and edge detection
algorithm. The areas of cross-sections measured by MRI

were compared to the actual areas measured with a high-
precision planimeter.

Statistical Analysis

All values were presented as mean * SD. Two-tailed
Student’s t-test was used to evaluate the gender
difference. A p-value of less than 0.05 was considered
statistically significant. A statistical software Minitab
R13 (Minitab Inc., State College, PA, USA) was used to
find the regression of LA and LV parameters with BW,
BH, BSA, HR, and gender. The “best subsets” routine
was first used to find the primary and secondary factors
that best correlated to the LA and LV parameters. LA and
LV parameters obtaining high correlation coefficient
(r? > 0.3) with single or dual predictors were best fitted
and the corresponding coefficients were determined.
The association between LA and LV functions was
evaluated by the Pearson’s correlation coefficient. The
agreement analysis used the Bland—Altman method."!

RESULTS

Time Course of LV/LA Volume and
Rate of Volume Change

The patterns of volume—time curves of the LV and
LA and the corresponding time-derivative curves were
consistent among all subjects. The volume—time curve of
the LV started with a monotonous descent during systole
and ended at the nadir (Fig. 3). The diastole started with a
mild volume increase possibly corresponding to early
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Table 2
LV and LA Volume and Time Parameters (Mean = SD) and 95% Confidence Intervals in Parentheses
All (n = 31) Male (n = 19) Female (n = 12) p-Value
LVEDYV (mL) 88 + 27 (78-98) 95 + 31 (80-110) 78 £ 13 (69-86) 0.08
LVESV (mL) 25 = 11 (20-29) 27 £ 13 (21-33) 21 £ 8 (16-26) 0.17
LVSV (mL) 64 = 16 (58-70) 68 £ 19 (59-77) 57 = 6 (53-60) 0.06
EF (%) 73 = 6 (73-75) 73 = 6 (70-76) 74 =5 (71-76) 0.76
LVM (g) 90 £ 23 (81-98) 101 =20 (91-111) 72 £ 15 (62-81) 0.00
CO (L/min) 4.3 = 1.4 (3.8-4.8) 4.7 = 1.6 (3.9-5.5) 37 £623.3-4.1) 0.05
LVPER (mL/sec) —413 = 123 (—458to —368) —447 = 140 (—=514to —379) —360 £ 62 (—399 to —321) 0.05
LVPFR (mL/sec) 506 *= 136 (456-556) 538 = 154 (464-612) 457 + 87 (402-512) 0.11
LVPERt (%) 13 =3 (12-15) 14 =3 (12-16) 123 (11-14) 0.92
LVPFRt (%) 54 = 6 (52-56) 54 =5 (51-56) 54 = 7 (50-58) 0.17
LAmax (mL) 55 = 15 (49-61) 59 £ 15 (51-67) 48 * 14 (39-57) 0.05
LAmin (mL) 30 = 10 (26-34) 33 = 10 (28-38) 25 = 8 (20-30) 0.03
CC (mL) 25 =7 (22-27) 26 = 8 (22-30) 23 = 6 (18-27) 0.26
ME (mL) 4 +2(3-5) 4 +2(3-5) 3+£3(2-5 0.35
RV (mL) 17 =5 (15-19) 19 =5 (16-21) 14 x4 11-17) 0.01
LASV (mL) 12 £ 5 (10-13) 11 =50-14) 12 £ 4 (9-15) 0.74
PE (%) 28 = 7 (25-31) 26 = 7 (22-30) 32 =5 (29-36) 0.02
CV (mL) 35 = 161 (29-41) 38 = 20 (28-48) 30 = 6 (26-34) 0.22
LAPFR (mL/sec) 143 = 50 (124-163) 155 = 53 (128-182) 126 = 41 (99-153) 0.13
LAPER (mL/sec) —196 = 60 (—219to —173) —215 = 51 (—241to —183) —168 = 63 (—210to —126) 0.04
LAPFRt (%) 21 = 6 (18-23) 21 =6 (17-24) 21 =7 (16-26) 0.85
LAPERt (%) 53 £ 5 (51-55) 53 £ 5 (51-55) 53 = 6 (49-57) 0.93

relaxation. A steep ascent followed during rapid filling,
and a period of constant volume representing diastasis.
The diastole sometimes ended with a second ascent due
to atrial kick. The time-derivative curve showed one
single negative peak at mid-systole and one large
positive peak at early diastole. Two smaller positive
peaks corresponding to early relaxation and atrial kick
were occasionally found.

The volume—time curve of the LA usually presented
two peaks and two valleys that mark the transition of
different hemodynamic events (Fig. 4). The first peak
occurred at end systole. The second peak occurred at late
diastole right before the start of atrial kick. The first
valley occurred at end diastole right before the beginning
of systole, and the second valley occurred at mid diastole
close to the end of LV rapid filling. The time-derivative
curve showed a moderate positive peak of LA filling. In
the emptying phase, there was one distinct negative peak
during rapid filling and another less distinct peak during
atrial kick.

LV and LA Functions

Parameters of LV and LA functions for the entire
group of 31 subjects, and for males and females
separately, are shown in Table 2. The same parameters
that are normalized to BSA are shown in Table 3. In LV
function, the end diastolic to end systolic volume ratio
was approximately 3.5, yielding approximately 73% EF.
The peak-filling rate was larger than the peak-emptying
rate by approximately 22%. In LA function, the conduit
volume comprised 55% of the LVSV, larger than the
reservoir volume of 27%, and LA stroke volume of 19%.
In contrast to LV function, the LAPFR was smaller than
the LAPER. The time to LVPER was earlier than the
time to LAPFR. However, the times to LVPFR and to
LAPER were virtually identical.

Significant difference between males and females was
found in LVM, LAmin, RV, PE, and LAPER. However,
when the parameters were normalized to BSA,
significant difference was only found in LVM and PE.
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Table 3
LV and LA Volume Index and Time Parameters (Mean * SD) and 95% Confidence Intervals in Parentheses
All (n = 31) Male (n = 19) Female (n = 12) p-Value
LVEDV (mL/m?) 52 * 14 (46-57) 53 £ 17 (45-61) 49 £ 7 (44-54) 0.46
LVESV (mL/m?) 14 £ 6 (12-17) 15+ 7 (12-18) 13 = 4 (10-16) 0.46
LVSV (mL/m?) 37 £ 9 (34-40) 38 = 11 (33-43) 35 = 3(34-38) 0.42
EF (%) 73 = 6 (73-75) 73 £ 6 (70-76) 74 £ 5 (71-76) 0.76
LVM (g/m?) 52 £ 10 (48-56) 56 £9 (52-61) 45 £ 7 (41-50) 0.00
CO (L/min/m?) 25 *0.7 (22-2.8) 2.6 09 (2.1-3.0) 23 £4.0(2.1-2.6) 0.23
LVPER (mL/sec/m?) —242 + 67 (—266to —217) —250 =79 (—288to —212) —228 =39 (—253t0 —203) 0.69
LVPFR (mL/sec/m®) 297 * 75 (269—-324) 301 = 85 (260-342) 290 * 58 (253-327) 0.37
LVPERt (%) 13 £3(12-15) 14 £ 3 (12-16) 12+£3(11-14) 0.92
LVPFRt (%) 54 + 6 (52-56) 54 £5(51-56) 54 = 7 (50-58) 0.17
LAmax (mL/m?) 32 = 8(29-35) 33 +8(29-37) 30 £ 7 (25-34) 0.28
LAmin (mL/m?) 17 £5(15-19) 18 £ 5 (16-21) 16 = 4 (13-18) 0.13
CC (mL/m?) 14 = 4 (13-16) 14 4 (12-17) 14 =3 (12-16) 0.82
ME (mL/m?) 2+1(2-3) 2+1(2-3) 2+x201-3) 0.58
RV (mL/m?) 10 £ 3 (9-11) 10 £3 (9-12) 9+ 2(7-10) 0.09
LASV (mL/m?%) 7+ 3(6-98) 6 +3(5-98) 8§ £2(6-9) 0.30
PE (%) 17 £5(15-19) 15+5(12-17) 20 =4 (18-23) 0.02
CV (mL/m?) 20 £ 9 (17-24) 21 = 11 (15-27) 19 = 4 (16-22) 0.56
LAPFR (mL/sec/m?) 83 = 27 (73-94) 87 £30 (71-102) 78 £ 22 (64-93) 0.43
LAPER (mL/sec/m?) —114 + 31 (— 126 to —102) —120 £ 28 (=134 to —105) —105 = 35(—128to —81) 0.21
LAPFRt (%) 21 = 6 (18-23) 21 £6(17-24) 21 =7 (16-26) 0.85
LAPERt (%) 53 £ 5(51-55) 53 £5(51-55) 53 = 6 (49-57) 0.92

Dependence on Body Index, Heart Rate, and
Gender

Using the “best subsets” routine, seven LV/LA
parameters (LVM, CO, LAmin, LAmax, RV, LVPFRt,
LAPERt) were linearly related to at least one variable
among body size, HR, and gender. As shown in Table 4,
CO, LVPFRt, and LAPERt were best predicted by HR.
LVM and LAmin were best predicted by BSA. LAmax
was best predicted by BW. RV was predicted equally by
BSA and BW.

If two factors were considered, there was no exception
that the HR was one of the factors. The other factor was
BSA for LVM, LAmin, and RV. It was BH for CO, BW
for LAmax and RV, and gender for LVPFRt and
LAPERt.

Relationship Between LV and LA Functions

The conduit volume showed moderate to strong
association with most of the systolic and diastolic
functions including LVEDV, LVESV, LVSV, CO,
LVPER, and LVPFR (Table 5). Strong association was

found between the time to the LVPFR and the time to the
LAPER (r2 = 0.87, p = 0.00).

Results of Agreement Analysis

Table 6 shows interobserver, intraobserver, and
interscan agreement, as well as the agreement between
the edge detection method and the manual tracing, and
the agreement between MR measurement and planime-
try. The SD of differences in all comparisons ranged
from 0.99 to 8.70% of the analyzed volumes, indicating
reasonable reliability of the present methods.

DISCUSSION

In this study, we used cine MRI to establish normative
values of LV and LA functions in healthy Asian adults
and to characterize functional relationships between LV
and LA. In associating LV/LA functions with the body
size and HR, we found that LVM and LAmin correlated
strongly with the BSA, LAmax and the reservoir volume
correlated strongly with the BW, and both LVPFRt and
LAPERt correlated strongly with the HR. In associating
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Table 4

Linear Regression Between LV/LA Functions and Body Size, Heart Rate, and Gender

LVM (g) = —105 + 114 BSA

= —144 + 112 BSA + 0.636 HR

CO (L/min) = —2,878 + 107 HR

= —12,089 + 106 HR + 55.8 BH

LAmin (mL) = —41.9 +42.0 BSA

= —289+41.9 BSA — 0.191 HR

LAmax (mL) = —6.0 + 0.945 BW

=17.5+0.950 BW — 0.353 HR

RV (mL) = —1.31+0.281 BW
= —15.0 + 18.5 BSA

LVPFRt (%) = 14.1 + 0.593 HR

LAPERt =179 + 0.520 HR

=17.6 4+ 0.540 HR — 1.61 Gender

=102 +0.283 BW — 0.172 HR
= -39+ 18.5 BSA — 0.164 HR

13.6 + 0.620 HR — 2.23 Gender

r? =0.65 p < 0.0005
2 =0.70 p < 0.0005
2 =038 p < 0.0005
r? = 0.46 p = 0.001
r2 =043 p < 0.0005
r2 =046 p < 0.0005
r? =039 p < 0.0005
r? =043 p = 0.001
r? =031 p = 0.002
r? =031 p = 0.002
2 = 0.39 p = 0.002
r? =038 p = 0.003
r2 =072 p < 0.0005
r2 =10.76 p < 0.0005
r?=0.76 p < 0.0005
r2=0.78 p < 0.0005

Note: The variable Gender in the equations is 1 for the male and O for the female.

LV with LA functions, we found that LA conduit volume
contributed more than 50% of LVSV, and correlated
strongly with both systolic and diastolic functions of the
LV. Moreover, LVPFRt and LAPERt were virtually
identical, indicating a close coupling between LV and
LA during diastole.

Previous Reports on LV/A Functions
Assessed with Cine MRI

Table 7 shows previous reports on LV parameters
assessed with cine MRI and our results for comparison.
With the exception of the EF, the values in the current
study are smaller than the published values. The
discrepancy exists even when the values are normalized
to BSA. The difference ranges from 10 to 50% in
absolute values, and 10—-30% in normalized values.

Smaller values in our results may be partly due to
smaller body size of the study population. As shown in
Table 1, the mean BH, BW, and BSA in the current study
are 166.13 = 7.87cm, 64.18 £10.11kg, and 1.71 =
0.16 m?, respectively, substantially smaller than those in
previous studies performed on Westerners (see BSA in
Table 7). The length of LV long axis in the listed studies
is about 9 cm, whereas it is about 8 cm in our study. The
difference in length leads to approximately 30%
reduction in volume, largely accounting for the observed
difference.

Another reason for the smaller values in our study
may be related to the criteria used for defining

endocardial border. In contrast to previous studies, we
excluded papillary muscles and trabeculae from the
definition of chamber cavity. Geest et al. showed that the
difference in defining endocardial borders resulted in
approximately 10% difference in chamber volumes.™!
To assess the reproducibility of our methods, we
analyzed the agreement of LV volumes between two
separate MR measurements in five subjects. The
agreement was —0.23 £ 5.21 mL (or =7.10%), indicat-
ing reasonable reproducibility of our methods (Table 6).
Smaller values in our study imply that racial difference
may exist, and so the normative values of a particular
ethnic group might not be applicable to a different group.

Gender Difference

In LV parameters, we found that the difference
between males and females was significant in LVM only.
The difference in LVM still existed after normalization
to BSA (Fig. 5). In contrast, Lorenz et al. found
significant gender difference in all absolute and
normalized LV parameters such as LVEDV, LVESV,
LVSV, and LVM except EE.P! However, Sanstede et al.
later found that though there were significant differences
in LVEDV, LVESV, and LVM, normalization to BSA
eliminated the differences in LVEDV and LVESV.!'”!
These findings indicate that LVM is the parameter
consistently showing gender difference despite normali-
zation to the body indexes.
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Table 5

Correlation Coefficient (t 2) Between LV and LA Functions

LVEDV

LVESV

LVSV

EF

LVM

CO

LVPER

LVPFR

LVPERt

LVPFRt

LAmax
LAmin
CC

ME

RV
LASV
PE

(6\%
LAPFR
LAPER
LAPFRt

0.12 (p = 0.07)
0.17 (p = 0.03)
0.03 (p = 0.35)
0.04 (p = 0.28)
0.14 (p = 0.05)
0.00 (p = 0.92)
0.18 (p = 0.02)
0.75 (p = 0.00)*
0.04 (p = 0.30)
0.22 (p = 0.01)
0.13 (p = 0.06)

LAPERt 0.06 (p = 0.21)

0.10 (p = 0.10)
0.17 (p = 0.03)
0.01 (p =0.57)
0.07 (p =0.18)
0.12 (p = 0.07)
0.01 (p=0.71)
0.24 (p = 0.01)
0.57 (p = 0.00)*
0.03 (p = 0.39)
0.24 (p = 0.01)
0.11 (p = 0.09)
0.04 (p = 0.28)

0.12 (p = 0.07)
0.14 (p = 0.05)
0.05 (p = 0.26)
0.03 (p = 0.42)
0.14 (p = 0.05)
0.00 (p = 0.93)
0.12 (p = 0.07)
0.78 (p = 0.00)*
0.05 (p = 0.28)
0.18 (p = 0.02)
0.12 (p = 0.07)
0.06 (p = 0.19)

0.08 (p = 0.16)
0.16 (p = 0.03)
0.00 (p = 0.83)
0.07 (p =0.18)
0.06 (p = 0.20)
0.01 (p = 0.67)
0.24 (p = 0.01)
0.19 (p = 0.02)
0.02 (p = 0.53)
0.18 (p = 0.02)
0.10 (p = 0.09)
0.02 (p = 0.47)

0.38 (p = 0.00)*
0.43 (p = 0.00)*
0.18 (p = 0.03)
0.03 (p = 0.41)
0.33 (p = 0.00)*
0.01 (p = 0.60)
0.30 (p = 0.00)*
0.18 (p = 0.02)
0.18 (p = 0.03)
0.34 (p = 0.00)*
0.06 (p = 0.20)
0.12 (p = 0.07)

0.04 (p = 0.34)
0.05 (p = 0.24)
0.01 (p = 0.66)
0.00 (p = 0.95)
0.03 (p = 0.37)
0.00 (p = 0.74)
0.11 (p = 0.08)
0.77 (p = 0.00)*
0.00 (p = 0.78)
0.06 (p = 0.21)
0.07 (p =0.17)
0.31 (p = 0.00)*

0.07 (p=0.17)
0.09 (p =0.13)
0.03 (p = 0.41)
0.00 (p = 0.79)
0.07 (p = 0.17)
0.00 (p = 0.94)
0.09 (p=0.11)
0.73 (p = 0.00)*
0.02 (p = 0.44)
0.11 (p = 0.08)
0.10 (p = 0.10)
0.17 (p = 0.03)

0.03 (p = 0.38)
0.04 (p = 0.28)
0.01 (p = 0.67)
0.01 (p = 0.69)
0.07 (p = 0.19)
0.01 (p = 0.57)
0.10 (p=0.11)
0.58 (p = 0.00)*
0.03 (p = 0.36)
0.14 (p = 0.05)
0.05 (p =0.27)
0.00 (p = 0.80)

0.02 (p = 0.52)
0.02 (p = 0.49)
0.01 (p = 0.66)
0.01 (p = 0.63)
0.00 (p = 0.94)
0.01 (p=0.71)
0.04 (p = 0.33)
0.00 (p = 0.78)
0.01 (p = 0.59)
0.03 (p = 0.40)
0.03 (p = 0.38)
0.07 (p = 0.16)

0.00 (p = 0.83)
0.00 (p = 0.80)
0.00 (p = 0.92)
0.14 (p = 0.05)
0.06 (p = 0.22)
0.00 (p = 0.81)
0.00 (p = 0.90)
0.05 (p = 0.24)
0.01 (p = 0.60)
0.07 (p = 0.18)
0.02 (p = 0.47)
0.87 (p = 0.00)*

Note: The asterisk (*) indicates a p-value smaller than 0.005.
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Table 6

Results of Agreement Analysis

Mean 95% Limits of
Variability Difference (mL) Agreement (mL) SD (mL) SD (%)
Interobserver 1.74 —8.62to 12.11 5.18 8.70
Intraobserver 0.44 —3.00 to 3.87 1.72 291
Interscan —0.23 —10.65 to 10.19 5.21 7.10
MR vs. planimetry 0.46 —0.10 to 1.01 0.28 0.99
Automated vs. manual tracing 0.25 —3.54 t0 4.04 1.89 3.23

Note: SD(%) was calculated by SD/(the mean of the analyzed volumes) X100%.

In LA parameters, we found significant gender
difference in LAmin, RV, PE, and LAPERt. After
normalizing to BSA, only percent emptying showed
significant difference. As shown in Table 2, LAmax in
males is larger than that in females (p = 0.05), however,
cyclic change is comparable in both genders (p = 0.26).
This leads to larger PE in females than in males (p =
0.02).

Association of LV/LA Functions Vs. Body
Indexes, Heart Rate, and Gender

Four volume parameters, i.e., LVM, LAmax, LAmin,
and RV, showed high association with BW and BSA.
Even after normalization to BSA, high association of
LVM index and moderate association of LA volumes
with BW and BSA still existed (Fig. 6). Because both
LVM and LA volumes were associated with BW and
BSA, high association between LVM and LA volumes
was also found (72 = 0.38 between LVM and LAmax,
r>=0.43 between LVM and LAmin; see Table 5).
Mineoi et al. reported that LA chamber indexes, i.e.,
LAmax/BSA and LAmin/BSA, and LVM index was
greater in hypertensive patients with LV hypertrophy
than in hypertensive patients without LV hypertrophy
and in normal subjects.''*! They also found that LVM
index correlated strongly with LA chamber indexes. Our
study supports close relation between LVM and LA
volumes, but reminds that LVM index and LA volume
indexes still show moderate correlation with BW and
BSA. Therefore, if these indexes are to be compared
between patients and control groups, comparable BW
and BSA are required.

In analysis of the best subset of dual predictors, we
found that the body size was always the primary factor for
volume parameters (LVM, LAmin, LAmax, and RV), and
the HR was the secondary factor. On the other hand,

the HR was the primary factor for phase parameters
(LVPFRt, LAPERt), and the gender was the secondary
factor. As for CO, the product of volume and time, the
primary and secondary factors were the HR and BH,
respectively.

It is interesting to know that in all cases the HR is
always one of the influential factors, either primary or
secondary, and that the HR affects LVM and CO
positively, and affects LAmin, LAmax, and RV
negatively (Table 4). Our results are consistent with
the report of Javinen et al. who documented negative
correlation between the HR and LA’s maximum and
minimum volumes."""! To our knowledge, positive
correlation of the HR with LVM has not been
reported yet. The reproducibility of our methods in
measuring LVM was assessed in five subjects. The SD
of difference in LVM between two different scans was
6.3 g, substantially smaller than the SD of LVM
among all subjects (23 g). Our results imply that if
LVM is to be used for comparison between patient
and control groups, similar HR or appropriate
normalization procedure is required.

Heart rate was found to be associated with the time to
LVPFRt and the time to LAPERt (Table 4). In fact, all
the times including these two times were normalized to
R-R intervals of individual subjects in order to eliminate
HR dependence. The dependence of LVPFRt and
LAPERt on the HR indicates that the duration of early
diastole is more sensitive to the HR than other parts of
the cardiac cycle. Moreover, we found that these two
times actually coincided. The coincidence of LVPFRt
and LAPERt might reflect close mechanical coupling
between LV and LA during normal rapid filling. This
comes about by having creating negative pressure
gradient through the mitral valves during elastic recoil
of the LV in early relaxation, followed by suction of the
blood from LA and pulmonary veins to the LV 1!
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Table 7

Previous Reports on LV Parameters in Comparison

LVEDV LVESV LVSV LVM Co
BSA EF
Refs. N (m?) (mL) (mL/m*  (mL)  (mL/m? (mL) (mL/m*) (%) (@) (g/m?) (L/min)  (L/min/m?)
(8] 10 — 150 +20 — 46 + 8 — 9 * 16 — 69*+4 114 +22 — — —
[31] 10 1.92* 180 *+ 29 — 68 = 13 — 112 = 19 — 624 113+36 692*12 — —
(3] 10 — 98 + 22 — 33+9 — — — 67 +5 126+ 25 — — —
[9] 75 1812030 121%34 66x12 40=* 14 — 82+23 45+8 67*5 158+39 87*12 52+14 29+06
[11] 17 1.82%+020 138+23 75+11 — 51 %9 93 + 17 — 68+ 5 — — 5609 3.0=x04
[10] 36 1.86 108 +27 58=*12 35+13 19+6 — — 685 132+28 71x11 52=%12 28=*06
[12] 15 — 114 + 16 — 47 * 7 — — — 58+5 — — — —
Present 31 171 +0.16 88%=27 52*14 25x11 14=*6 64+16 37+9 73+6 90+23 52+10 43*14 25*07
study

?These values of BSA were computed from the reported parameters and their values normalized to BSA.
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Figure 5. Correlation between LVM and BSA (a) and between LVM index and BSA (b). Note that even after normalizing to BSA,
LVM index shows high correlation with BSA, and significant gender difference.
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Normal Systolic and Diastolic Functions of the LV and LA
Association Between LA and LV Functions

In associating LA and LV functions, we found that
relative contribution of the reservoir, conduit, and pump
volumes to the LVSV was approximately 27, 55, and
19%, respectively. The values are consistent with those
found with cineagniography.””~*% Our values, however,
differ from the normal values reported by Prioli et al.
with Doppler echocardiography and agree with the
values they found in restrictive type diastolic dysfunc-
tion."*" The inconsistent results may be partly due to
different definition for the reservoir volume used in
Doppler measurement. Instead of subtracting minimum
LA volume at early diastole from LAmax, the volume
reverted into pulmonary veins with atrial contraction was
subtracted from LAmax. This causes over estimation of
the reservoir volume, and consequently, under estimation
of the conduit volume.

We also found that the conduit volume was the
parameter that has uniquely high correlation with
different aspects of LV functions such as LVEDV
representing the preload, LVESV representing the after
load, LVSV, CO, and LVPER representing the pumping
function, and LVPFR representing the LV filling
function (see Table 5). Our findings are consistent with
Toma et al.’s report. In 8 control subjects and 10 patients
with myocardial infarction, they found that the change in
the LV filling volume correlated with the change in the
conduit volume, but did not correlate with the change in
the reservoir volume and pump volume."*?! Our results
showed that this correlation still exists in normal
subjects.

Limitations

We used multiple short-axis slices to acquire three-
dimensional data set of LV/LA volumes to minimize
the partial volume effect. This method, however,
encounters difficulty in defining LV/LA areas in slices
located at the junction between the LV and LA, as well
as between the LV and aortic root. Owing to cyclical
base-to-apex movement of the cardiac base, LV/LA
cavities in these slices would appear only in some time
frames of the cardiac cycle and were discarded from
the analysis. It follows that LVEDV is likely to be
underestimated.

Normative values determined in this study were
obtained from the study population with the mean age of
32 = 10years old. As reported in the literature, LV and
LA functions are age-dependent,'***! so our values are
applicable only for young adults.
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CONCLUSIONS

Using time-resolved, three-dimensional volume data
obtained from cine MRI, we have established normative
values of LV and LA functions in healthy Asian adults
and have characterized functional relationships between
LV and LA. The imaging acquisition protocol, data
analysis algorithms, and the established normal values
provide the basis for the study of left heart function in
patients. Moreover, it may also provide important
information for modeling normal LV/LA function in
the study of ventricular mechanics.
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