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Assessment of left atrial dimensions by cross sectional
echocardiography in patients with mitral valve disease
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SUMMARY Left atrial dimensions were measured using cross sectional echocardiography in 37
patients with mitral valve disease and 30 normal subjects of similar ages. The anteroposterior (AP),
superior-inferior (SI), and medial-lateral (ML) left atrial dimensions were determined at the end of
ventricular systole using parasternal long and short axis and apical four chamber views (for SIa and
MLa). To assess the reliability of these measurements cross sectional echocardiographic and angio-
graphic left atrial volumes were compared in 19 patients with mitral valve disease, giving an

excellent correlation. A moderate correlation was found between the anteroposterior dimension of
the left atrium obtained using M mode echocardiography and that obtained using the parasternal
short axis and long axis projections.

In normal subjects a good correlation was found between SI and ML dimensions, while a lower
correlation was found between SI and AP, and ML and AP dimensions. The SI dimension was the
major axis of the left atrium and AP dimension the minor axis. In patients with mitral valve disease a

good correlation was found between SI and ML dimensions, while SI and ML dimensions had a low
correlation with AP dimensions. The AP dimension was the minor axis of the left atrium, while the
SI and ML dimensions were not significantly different. All left atrial dimensions were significantly
greater in patients with mitral valve disease than in normal subjects. Of 30 patients with at least one
dimension increased, all three dimensions were abnormal in 16, two dimensions were increased in
10, and only one dimension was increased in four. AP, SI, and ML dimensions were abnormal in 25,
20, and 27 patients, respectively.

Cross sectional echocardiography may provide a reliable estimate of left atrial dimensions. In
patients with mitral valve disease a thorough examination of the left atrium using multiple cross

sectional views is necessary to detect asymmetric left atrial enlargement and to measure the degree of
left atrial dilatation.

M mode echocardiography is a reliable method of
obtaining a non-invasive estimate of the left atrial
anteroposterior dimension.1-4 Its usefulness for
estimating left atrial volume, however, may be limited
because the left atrium is usually elliptical rather than
spherical.56 Examples of substantial asymmetry of
the left atrium have been reported in subjects with
normal sized or enlarged left atria.7'-10 In such cases
the left atrial anteroposterior (AP) dimension alone is
not accurate for left atrial volume assessment."'

Cross sectional echocardiography allows visualisa-
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tion of the entire left atrium from different
views.'"''3 Schabelman et al. , on the basis of
angiographic comparison, established that cross sec-
tional echocardiographic estimation of the left atrial
volume is superior to that obtained on M mode
echocardiography, which is based on a cubic antero-
posterior dimension. Feigenbaum" suggested that
with increased quality of echocardiographic record-
ings cross sectional echocardiography would be
superior to the M mode examination of left atria.

Previous studies have shown that cross sectional
echocardiography is accurate for measuring right
atrial size.'5 16 Few data have been reported on the
cross sectional echocardiographic estimate of left
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atrial enlargement' 2-14 and on the prevalence of
asymmetric left atrial dilatation."
The purposes of this study were, firstly, to evaluate

the reliability of cross sectional echocardiographic
estimates of left atrial size by comparing them with
angiographic volumes in 19 patients with mitral valve
disease and, secondly, to provide an analysis of left
atrial configuration by cross sectional echocardiogra-
phy in normal subjects and in patients with mitral
valve disease.

Patients and methods

Sixty one consecutive patients with mitral valve dis-
ease (33 women and 28 men) were studied using M
mode and cross sectional echocardiography. Patients'
ages ranged from 19 to 66 years (mean+SD=42+9
years). Patients in whom the quality of the cross

sectional echocardiogram was not adequate to obtain
measurements of all left atrial dimensions were

excluded from subsequent analysis.
The resulting group constituted 37 patients-20

women and 17 men-with ages ranging from 21 to 66
years. Table 1 shows the clinical data for these 37
patients. Twenty eight patients underwent cardiac
catheterisation, and in 19 of these a good left atrial
angiogram was obtained.

Thirty four healthy subjects were also studied.
Criteria for inclusion were normal physical examina-
tion and electrocardiogram. Thirty of them (13
women and 17 men), ages ranging from 17 to 59 years

(mean± SD 39-6+ lO- 1 years), had technically satisfac-
tory M mode and cross sectional echocardiogra-
phy'718 and they constituted the control group.

M MODE ECHOCARDIOGRAPHY
M mode echocardiograms of the left atrium were

recorded on strip chart using an Irex II system and a

2-25 MHz, 1-25 inch diameter unfocused transducer
with the patient in the supine or left semilateral posi-
tion. The anteroposterior left atrial dimension was

taken from the leading edge of the posterior aortic
root to the leading edge of the posterior left atrial wall
at the maximum upward motion of the aortic wall. 18
Mean values from three consecutive cardiac cycles
were calculated. The M mode echocardiographic
measurements were taken separately from the cross

sectional echocardiographic recordings.

CROSS SECTIONAL ECHOCARDIOGRAPHY
Cross sectional echocardiograms of the left atrium
were obtained using a commercially available real
time phased array ultrasonic system (Irex III) with a

32 crystal transducer operating at 2-5 MHz in a sector
of 800. The studies were recorded on a half inch Sony
cassette videotape for subsequent review in real time,

Table 1 Clinical and cardiac catheterisation data in the 37
patients with mitral valve disease and adequate cross sectional
echocardiograms

Mitral valve Pr mital
senosis (with valve
or without mitral regurgia
valve wregkation)

reMto

No. of patients 26 11
Sinus rhythm 17 5
Atrial fibrillation 9 6

Cardiac catheterisation
No. of patients 21 7

Mitral valve regurgitation
rade O 13 0

Mitral valve regurgitation
Fade l 4 0

Mitral valve regurgitation
prde2 3 4

Mitral valve regurgitation
grade3 1 3

Aortic valve stenosis 5 2
Aortic valve regurgitation 4 2

Mitral valve regurgitation graded according to Sellers et al.22

slow motion, or single frame presentation.
The examination included the following cross sec-

tional planes: (1) parasternal long axis view; (2) paras-
ternal short axis view; and (3) apical four chamber
view.'9 Subcostal examination of the left atrium was
not performed since it is not sufficiently standar-
dised. 13

Parasternal imaging of the left atrium was obtained
with the patient in the supine or left semilateral posi-
tion by placing the transducer at the third or fourth
intercostal space. In the long axis view care was taken
to visualise clearly the upper limits of the atrium.'3
The short axis view was recorded by positioning the
transducer immediately over the plane of transition of
the mitral valve anterior leaflet echo into the posterior
aortic root echo. Care was taken to visualise exactly
the outer boundaries of the left atrium by minimal
changes of the transducer angulation along the
azimuthal plane. The four chamber apical view was
recorded by placing the transducer directly on the
apical impulse with the patient in the left lateral posi-
tion.

For each view the transducer was angled to maxim-
ise the left atrial size. Consequently, both the paras-
ternal and the apical windows varied from patient to
patient. For the parasternal approach we tended to
place the transducer at a higher interspace than that
used in the standard studies so as to identify better the
left atrial outlines. Clear echoes of the cavity bound-
aries were obtained by optimising grey scale and
adjusting the controls to view the endocardium at the
lowest possible gain.
For quantitative analysis the frozen images were

traced from videotape on to clear plastic using a
commercially available light pen system controlled by
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Fig. atrial dimensions measuredfrom th4

short axis (b), and apical four chamber (c) views
AP, anteroposterior dimension; SI, superior-infe
dimension; a, apical; LV, left ventricle; RV, rig
aorta.

a microprocessor (Irex Cardio 80). Brightness and
contrast of the television monitor were adjusted to
optimise the performance of the light pen system.

In order to compare the left atrial dimensions
obtained from different cross sectional views or

approaches, the following were measured'3 (Fig. 1):
(1) Anteroposterior dimensions in the parasternal long
axis (AP long) and short axis (AP short) views; (2)
superior-inferior dimensions in the parasternal long
axis (SI) and apical four chamber (SIa) views; (3)
medial-lateral dimensions in the parasternal short axis
(ML) and apical four chamber (MLa) views.
AP long and AP short dimensions were measured

along the line of maximum distance between the
transducer and the posterior boundary of the
chamber; SIa dimensions were measured along the

e parastemal long axis (a), parasternal

rior dimension; ML, medial-lateral
rht ventricle; RA, right atrium; AO,

line between the upper point of the superior border of
the cavity and the mid-point of the line joining the
attachment points of the mitral leaflets to its ring; ML
and MLa dimensions were measured along the line of
maximum distance between the interatrial septum
and the lateral boundary of the left atrium. In most
cases this line was perpendicular to AP in the short
axis view and to SIa in the four chamber apical view.
In the parasternal short axis and the apical four
chamber views the left atrial appendage was carefully
identified in real time and stop action review and
excluded from actual ML and MLa. In the four
chamber apical view the confluence of the pulmonary
veins was not included as part of left atrium.

All measurements were taken on the frame proxi-
mal to the end of T wave downslope showing the
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greatest atrial size (ventricular end systole). The atrial
outlines were carefully traced by the light pen system
as closely as possible to the inner border of the atrial
wall. The wall echoes were excluded from actual
measurements. A single atrial cycle was chosen for
measurements. When the endocardial outlines were
not complete in any single stop frame a frame by
frame review was used to fill in areas of incomplete
endocardial outlines of the best atrial cycle.

Measurements were made on the same image inde-
pendently by two observers, and the mean value of
these two measurements was taken as the actual
measurement. Expressed as coefficient of variation
100 (standard deviation/mean) the interobserver var-
iabilities were 5-8%, 5 6%, 6.5%, 6%, 6-2%, and 6 4%
for AP long, AP short, SI, SIa, ML, and MLa
dimensions respectively, which are comparable to
data previously reported.'2 14
The light pen system was used to generate outlines

of the left atrium in the parastemal long axis and
apical four chamber views. These outlines were com-
bined by the computer to calculate left atrial volume
by Goerke's and Carlsson's modification of the Simp-
son's rule method.20 The SI dimension was consi-
dered the major axis of the chamber for purposes of
identity between these two projections.15 Though not
at right angles, we preferred to use the parasternal
long axis and apical four chamber views, since it is
difficult to standardise an apical two chamber view
that is really perpendicular to the apical four chamber
view.

ANGIOGRAPHIC STUDIES
Biplane angiographic visualisation of the left atrium
was performed in anterior and left lateral projections
by injection of Renografin 76 (0.8-1.2 mI/kg) into the
main pulmonary artery. Good outlines of the left
atrium were obtained in 19 patients.

Left atrial angiograms were traced in each patient at
the end of ventricular systole, excluding the atrial
appendage and the pulmonary veins. Left atrial vol-
ume was calculated from the stop frame images using
the light pen system used to obtain cross sectional
echocardiographic measurements. Goerke's and Carl-
sson's modification of the Simpson's rule method was
used by the computer to calculate the angiographic
left atrial volumes.20 21

Mitral valve regurgitation was graded in each
patient using Sellers's scale of left ventricular angiog-
raphy.22

DATA ANALYSIS
To evaluate the reliability of cross sectional echocar-
diographic estimates of left atrial size the following
analyses were performed: left atrial volumes assessed
by cross sectional echocardiography and angiocar-
diography were compared in 19 patients with mitral

valve disease; and the anteroposterior diameter of the
left atrium assessed by M mode echocardiography was
compared with the AP long and short dimensions
obtained by cross sectional echocardiography in nor-
mal subjects and in patients with mitral valve dis-
ease.'5
We did not compare cross sectional echocardiog-

raphic and angiographic left atrial dimensions because
cross sectional echocardiographic and angiographic
projections are not directly comparable.23 Left atrial
SI and ML dimensions obtained from the parasternal
approach were compared with SIa and MLa dimen-
sions obtained from the apical approach.

All cross sectional echocardiographic left atrial
dimensions for normal subjects were plotted against
body surface area. The absolute values for normal
subjects were compared with values in patients with
mitral valve disease. To establish whether normal
subjects and patients with mitral valve disease had
different left atrial configurations we considered AP,
SI, and ML dimensions separately in the two groups.

Statistical analysis of data was performed using
Student's t test for unpaired data, chi squared test,
and standard regression analysis when appropriate.
Data are expressed as mean + standard deviation.
The normal limits of the cross sectional echocardiog-
raphic left atrial dimensions refer to the second stan-
dard deviation of the control group. For regression
analysis results are expressed in terms of correlation
coefficient (r) and, for comparing cross sectional
echocardiographic and angiographic left atrial vol-
umes, in terms of standard error of the estimate
(SEE).

Results

Results refer to the 37 patients with mitral valve dis-
ease in whom satisfactory cross sectional echocardiog-
raphic recordings were obtained for determining all
left atrial dimensions. In 17 out of 61 normal subjects
(28%) cross sectional echocardiography failed to show
the upper border of the left atrium using the apical or
the parasternal approach'3; in seven subjects (11%)
cross sectional echocardiography failed to reveal the
medial or lateral border of the left atrium using the
parasternal short axis view.

Fig. 2 shows the good correlation found between
cross sectional echocardiographic and angiographic
left atrial volumes in 19 patients with mitral valve
disease (r=0-97).
The M mode anteroposterior dimension of the left

atrium correlated well with AP long and AP short
dimensions obtained by cross sectional echocardiog-
raphy (r=0-78 and 0-84, respectively) in normal sub-
jects and in patients with mitral valve disease. Both
AP long and AP short dimensions were shorter,
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Fig. 2 Relation between angiographic and cross sectional
echocardiographic left atrial volumes in 19 patients with mitral
valve disease. Linear regression equation isy =0-932x +10-28
(r=0-97, SEE = 14-76).

although not significantly so, than the M mode
anteroposterior dimension because the latter did not
include the posterior aortic root echo. 13

Table 2 gives the values of cross sectional echocar-
diographic dimensions of the left atrium in normal
subjects obtained with the parasternal and apical
approach and these are compared with data of
Schabelman et al.24 and Weyman.'3 SIa and MLa
dimensions were significantly shorter than SI and ML
dimensions (p<O-OOl). In the parasternal projection

Table 3 Regression analysis of cross sectional
echocardiographic left atnral dimensions and body surface area
(BSA) in normal subjects

Regression equation r p

AP short = 15 BSA+ 10.9 0-71 <0.001
SI =25 BSA+6.8 0.52 <0-005
SIa =23 BSA-2 0-43 <0.01
ML =19 BSA+9-7 0.54 <0-005
MLa =18 BSA+ 1.5 0.48 <0.01

For abbreviations of left atrial dimensions see Table 2.

Table 4 Regression equations for the three parasternal left
atrial dimensions in normal subjects and in patients with mitral
valve disease

r p

Normal subjects SI= 1-133 AP short+20-58 0-64 <0001
ML=0-729 AP short+25-62 0-53 <0.005
SI= 1-140 ML+0-33 0.88 <0.001

Patients with SI=0-888 AP short+31-31 0 49 <0-002
mitral valve ML=0-622 AP short+36-68 0.50 <0-002
disease SI= 1-220 ML-7-45 0-84 <0-001

For abbreviations of left atrial dimensions see Table 2.

both SI and ML dimensions were significantly greater

than AP dimensions in the short or long axis views
(p<0*001). SI and SIa dimensions were significantly
greater than ML and MLa dimensions (p<0001).
The correlations between left atrial dimensions and
the body surface area in normal subjects were rela-
tively low (Table 3).

Table 4 and Fig. 3, 4, and 5 show the regression
analyses between AP short, SI, and ML dimensions in
normal subjects. Left atrial dimensions were corre-

lated with each other: a good correlation was found
between SI and ML dimensions (r=088), while these
two dimensions had a relatively low correlation

Table 2 Left atrial dimensions assessed by M mode and cross sectional echocardiography in normal subjects and in patients with
mitral valve disease in this study and in previous investigations'3 14

No. of Echocardiographic dimensions of the left atriun (mm)
subjects

M mode AP long AP short SI SIa ML MLa
anteroposterior

Normal subjects
Present study 30 31±4 29±4 30±5 54±8 43±12 47±6 36±9
Schabelmanet al.24 19 NR 25±4* 26±4* 34+4t 33±6 36±4t 33±6
Weyman'3 25 NR 31±3 30±5 44±8* 43±6 41±7 36±4

Patients with mitral valve stenosis
(with or without regurgitation)
(present study) 26 47+10t 44+10t 45+lOt 74±18t 68±19t 65t13t 50+13t

Patients with pure mitral valve
regurgitation (present study) 11 49_11t 46±llt 48±12t 75±20t 71t19t 67±14t 53+14t

Patients with mitral valve disease
(Schabelman et al.24) 20 NR 39±9 43±9 50±9 53±9 55±9 49±8

*p<0-01 and tp<0-001 v normal controls in this study (unpaired Student's t test).
AP long, anteroposterior dimension in the parasternal long axis view; AP short, anteroposterior dimension in the parasternal short axis view;
SI, superior-inferior dimension in the parasternal long axis view; SIa, superior-inferior dimension in the apical four chamber view; ML,
medial-lateral dimension in the parasternal short axis view; MLa, medial-lateral dimension in the apical four chamber view; NR not recorded.
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.*. coefficient with AP dimensions in the short axis view
(r=0*64 and 053, respectively).

Table 2 gives the cross sectional echocardiographic
dimensions of the left atria of patients with mitral
valve disease-subdivided into those with pure mitral
valve regurgitation (11 patients) and those with mitral
valve stenosis with or without associated valve regur-
gitation (26 patients). SI and ML dimensions were
significantly greater than AP dimensions in the long
axis and short axis views (p<O-00l); SI and ML
dimensions were not significantly different. SIa
dimensions were significantly greater than MLa
(p<O.OOl). ML dimensions were significantly greater
than MLa dimensions (p<0-OOl).
Table 4 and Fig. 3, 4, and 5 give the regression

analyses between AP short, SI, and ML dimensions m
patients with mitral valve disease. A good correlation
was found between SI and ML dimensions (r=0-84),
while SI and ML dimensions had a relatively poor
correlation with AP dimensions in the short axis view

30 90 100 (r=0-49 and 0-50, respectively). Wide scatter of SI
nm) and ML dimensions compared with AP dimensions in
lorand the short axis view was found: patients with much
id short axis increased SI or ML dimensions, or both, showed only
001) and in moderately increased AP dimensions and vice versa
21). Linear (Fig. 3 and 4).
t-03 and for Each left atrial dimension was significantly greater

in patients with mitral valve disease than in normal
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Table 5 Prevalence ofabnormal left atrial dimensions at cross sectional echocardiography (parasternal projection) in patients with
mitral valve disease

No. of cases Abnormal left atrial dimensions

AP short (39 mm) SI (59 mm) ML (70 mm)

Patients with three abnormal dimensions 16 16 16 16
Patients with two abnormal dimensions 10 6 4 10
Patients with one abnormal dimension 4 3 0 1
Patients without abnormal dimensions 7 0 0 0
Total 37 25 (67-6%) 20 (54-1%)* 27 (73%)*

*Statistically not significant v other groups by chi squared mx n test.
Normal limits are 2 SD of the mean of the controls.

subjects (p<0001) (Table 2). Thirty of 37 patients
with mitral valve disease had at least one abnormal left
atrial dimension (Table 5): 25 (67.6%) had abnormal
AP dimensions in the short axis and 27 (73%) had
abnormal ML dimensions. In 16 out of the 37 patients
with mitral valve disease (42 2%) all three left atrial
dimensions were increased. No patient had an
abnormal SI dimension in the absence of increased AP
in the short axis or ML dimensions.

Discussion

Although several studies have established the value of
estimating left atrial size from the single antero-
posterior dimension obtained by M mode echocar-
diography,1-4 some limitations may affect the reliabil-
ity of this method. In normal subjects the left atrium
is an ovoid-elliptical shaped chamber,5 6 20 and,
although it tends to become more rounded when
enlarged,25 -29 a fixed relation between the various left
atrial dimensions may be absent even when the
chamber is dilated.7-10 30 Differences between the
anteroposterior dimensions assessed using the M
mode parasternal approach and other left atrial
dimensions assessed using the M mode suprasternal
approach or cross sectional echocardiography have
been reported in patients with chest deformities, such
as severe pectus excavatum,9 30 mitral valve regurgi-
tation,7 or mitral stenosis. '5

Schabelman et al. "4 reported a good correlation
between cross sectional echocardiographic and
angiographic left atrial volumes in 12 patients with a
wide age range, suggesting that cross sectional
echocardiography is superior to M mode echocardiog-
raphy for measuring left atrial size. No definitive data
have been reported on the reliability of cross sectional
echocardiography in determining left atrial dimen-
sions, however, although measurements in cross sec-
tional echocardiography have recently been standar-
dised.13 17 31

Left atrial dimensions assessed by cross sectional
echocardiography and angiocardiography are not

directly comparable.32 We therefore used an indirect
approach to examine the reliability of cross sectional
echocardiographic estimates of left atrial dimensions:
firstly, by comparing cross sectional echocardiog-
raphic and angiographic left atrial volumes in 19
patients with mitral valve disease, and, secondly, by
assessing the correlation between cross sectional and
M mode echocardiographic estimates of the antero-
posterior left atrial dimension in normal subjects and
in patients with mitral valve disease.15 We confirmed
the excellent correlation found by Schabelman et al. 14
between cross sectional echocardiographic and
angiographic left atrial volumes. On the other hand,
the correlation between the anteroposterior dimen-
sions obtained by M mode and cross sectional
echocardiography was not good. Discrepancies might
have been due in some cases to an atypical shape of
the left atrium. For example, a triangular shape in the
parasternal short axis view32 may result in substantial
underestimation of the anteroposterior dimension due
to an eccentric transection of the left atrium with the
M mode beam.15 32 More likely, sub-optimal
definition of cross sectional images might have caused
the differences between M mode and cross sectional
estimate of the left atrial AP dimension. Similar prob-
lems might have influenced the estimate of SI and ML
dimensions. But only patients with good definition of
all left atrial borders were selected for analysis.
Moreover, the phased array system provides a lateral
resolution of the order of 2-3 mm.33 34Consequently,
these latter two measurements were considered to be
reliable.

In our normal subjects the left atrial dimensions
were significantly greater than those reported by
Schabelman et al. ,'1 4 but comparable to those reported
by Weyman,13 except for the SI dimension assessed
using the parasternal approach. This difference can-
not be easily explained. Among the left atrial borders
the superior is the most difficult to identify, particu-
larly using the parasternal approach. 13 Using a higher
window than the standard, however, we were able to
visualise this border correctly in nearly all normal sub-
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jects. Moreover, if we consider that an incorrect
identification of the superior border of the left atrium
is present almost exclusively in patients with consid-
erable left atrial dilatation (28% in our mitral valve
disease group), it is unlikely that the difference bet-
ween our data and those reported by Weyman might
be attributed to an artifact. It is more likely that small
differences in the exact timing of the ventricular end
systole contributed to the variation in the SI dimen-
sion, which is usually the largest among the left atrial
diameters.

Confirming previous investigations,6 21 26 we
found that in normal subjects the left atrium was oval,
the SI dimension being the major axis and the ML
and AP the minor axes; however, our data in normal
subjects show that the left atrial configuration is not
standard, confirming previous angiographic studies.6
In fact, at comparable AP values, a large variability of
SI and ML values was observed.
The lack of a fixed relation between the three paras-

ternal dimensions was more pronounced in patients
with mitral valve disease. Although all left atrial
dimensions were significantly greater in patients with
mitral valve disease than in normal subjects, a certain
degree of overlap was observed between the two
groups when individual dimensions were considered.

According to the view that a dilated left atrium is
spherical,' 13 any left atrial dimension should be
sufficient to recognise a dilated chamber. Our data do
not support this view. In fact, in only 16 of the 30
patients with left atrial enlargement was the left
atrium dilated in all three dimensions, and, even
though ML dimensions were more often increased
than AP and SI dimensions, the presence and extent
of chamber dilatation could not be predicted by the
use of a single dimension. In particular, AP
dimensions alone were not sensitive in recognising
patients with mitral valve disease and left atrial
enlargement. Of 30 patients with at least one left atrial
dimension increased, five had normal AP values.
Asymmetric enlargement of the left atrium was
probably caused in some cases, as in patients with
associated aortic valve disease, by aortic root
dilatation, which prevents the anteroposterior
expansion of the atrium; in others, as in those with
associated tricuspid valve disease, a coexistent right
atrial enlargement might have caused a
superior-inferior dilatation of the left atrium,
secondary to the compression of one chamber on the
other.34

In conclusion, the left atrium does not have a stan-
dard configuration either in normal subjects or in
patients with mitral valve disease and, consequently,
no single echocardiographic dimension can predict
the presence or absence of left atrial enlargement. A
thorough examination of the left atrium by cross sec-

tional echocardiography in patients with mitral valve
disease should include the measurement of all three
dimensions to determine the presence and measure
the degree of left atrial dilatation.

We thank Luciano Gabrielli, Massimo Severi, and
Mario Iannarelli for their technical assistance.
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