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Background and aim of the study: Whilst increased
‘Alfieri stitch’ tension may reduce the durability of
‘edge-to-edge’ mitral repair, the factors affecting
suture tension are unknown. In order to study hemo-
dynamics and left ventricular (LV) and annular
dynamics that determine suture tension, the central
edge of the mitral leaflets was approximated with a
miniature force transducer to measure leaflet tension
(T) at the leaflet approximation point.

Methods: Eight sheep were studied under open-chest
conditions immediately after surgical placement of a
force transducer and implantation of radiopaque
markers on the left ventricle and mitral annulus
(MA). Hemodynamic variables were altered by two
caval occlusion steps (AV1 and AV2) and dobutamine
infusion. Three-dimensional marker coordinates
were obtained by simultaneous biplane videofluo-
roscopy to measure LV volume, MA area (MAA) and
septal-lateral (SL) annular dimension throughout the
cardiac cycle.

Results: At baseline, peak Alfieri stitch tension (0.30
+ 0.18 N) was observed 96 + 61 ms prior to end-dias-

Mitral valve repair restores mitral competency in
most patients with mitral regurgitation (1,2), and
improves clinical outcome relative to mitral valve
replacement (3). Surgical techniques continue to
evolve to encompass a wider spectrum of mitral
pathology to offer mitral repair to more patients (4-8).
A novel method, the edge-to-edge mitral repair, has
been added by Alfieri and colleagues (9). This tech-
nique is simple, and customized such that leaflet
approximation is performed at the location of the
regurgitant jet (10). The edge-to-edge repair is effective
in correcting mitral insufficiency of varying etiology
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tole coincident with peak annular SL diameter (98 +
58 ms before end-diastole). Dobutamine infusion
decreased suture tension (from 0.30 + 0.18 N to 0.20 +
0.12 N, p = 0.01), although peak systolic pressure
increased significantly (138 + 19 versus 115 + 14
mmHg; p = 0.03). A regression model was fitted with
the goal of interpreting the hemodynamic and geo-
metric predictors of tension as their influence varied
with time: Tt (N) = 0.1916 + 0.2115 x SL (cm) -
0.1996 x MAA/SL (cm2/cm) + ft x LVP (mmHg), where
Tt is tension at any time during the cardiac cycle and
ft is the time-varying coefficient of LVP.

Conclusion: Tension on the leaflets in the edge-to-
edge repair is determined primarily by MA SL size,
and paradoxically is lower when the contractile state
is enhanced. This indicates that annular and/or LV
dilatation increase stitch tension and may adversely
affect durability of the repair if concomitant ring
annuloplasty is not performed.
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(10-12), including ischemic heart disease (13) and end-
stage cardiomyopathy (14,15). This procedure can be
used to address mitral lesions involving leaflet pro-
lapse or leaflet restriction expediently (10), and pro-
vides predictable mid-term results for certain mitral
lesions (12).

The durability of the Alfieri repair remains a concern
however, as long-term follow up is not yet available. It
is intuitive that increased Alfieri stitch tension may
reduce durability of the edge-to-edge mitral repair and
lead to recurrent mitral regurgitation, but the determi-
nants of tension at the leaflet approximation point are
unknown. In order to identify possible variables affect-
ing stitch tension, a miniature force transducer was
implanted to approximate the mitral leaflets, as in the
edge-to-edge repair, to measure Alfieri stitch tension
throughout the cardiac cycle under varying hemody-
namic conditions.
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Materials and methods

Surgical preparation

The general procedures used have been described
previously (16). Sub-epicardial miniature radiopaque
markers were inserted into the left ventricle of eight
adult male castrated sheep (mean body weight 68 + 5
kg), along four equally spaced longitudinal meridians
at two levels between the left ventricular (LV) apex and
the base (Fig. 1A). Following the establishment of car-
diopulmonary bypass (CPB) and cardioplegic arrest,
eight additional markers were sutured around the cir-
cumference of the mitral annulus (MA). Subsequently,
the centers of the anterior and posterior mitral leaflets
were approximated at their edges with a 5-0
polypropylene suture reinforced with two small
Teflon-felt pledgets, thus creating a ‘double-orifice’
mitral valve (Fig. 1B). The approximating suture or
Alfieri stitch was placed approximately 5 mm from
each leaflet edge, and also secured a miniature force
transducer (Fig. 2), which served as another
radiopaque marker. The force transducer was con-
structed of a slit copper ring, 5 mm in diameter and 0.4
mm thick. On each side of the slit, two small holes
were used for suture attachment. Technical specifica-
tions of the transducer have been described previously
(17). Two pneumatic occluders used for sudden vol-
ume reduction were placed around the superior and
inferior vena cava and externalized. A micromanome-
ter pressure transducer (PA4.5-X6; Konigsberg
Instruments, Inc., Pasadena, CA, USA) was placed in
the LV chamber through the apex.

Following completion of marker implantation, the
heart was defibrillated, and each animal weaned from
CPB and transferred immediately to the experimental
animal catheterization laboratory where they were
studied intubated, open-chest, and anesthetized with
ketamine (1-4 mg/kg/h, intravenous infusion) and
diazepam (5 mg intravenous bolus as needed).
Intravenous esmolol (20-50 ug/kg/min) was infused
to minimize reflex sympathetic responses.
Simultaneous biplane videofluoroscopy, hemodynam-
ic data recordings, and force transducer tension read-
ings were measured under four experimental
conditions: Baseline, two consecutive steps of volume
reduction (AV1 and AV2) using the pneumatic occlud-
ers, and during inotropic stimulation with dobutamine
(10 ug/kg/min).

All animals received humane care in compliance
with the Principles of Laboratory Animal Care formulated
by the National Society for Medical Research and the
Guide for Care and Use of Laboratory Animals prepared
by the National Academy of Sciences and published by
the National Institutes of Health (DHEW NIHG publi-
cation 85-23, revised 1985). This study was approved
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Figure 1: A) Miniature radiopaque marker array (solid
circles are myocardial markers) implanted in the left
ventricle and mitral annulus in this experimental study.
AML: Anterior mitral leaflet; PML: Posterior mitral
leaflet. B) Diagram of the mitral valve after the edge-to-
edge mitral repair. Solid circles represent mitral annular
markers (n = 8), with the force transducer approximating
the leaflets represented by the solid square in the middle of
the valve.

by the Stanford Medical Center Laboratory Research
Animal Review committee and conducted according
to Stanford University policy.
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Data acquisition

Images were acquired with the animal in the right
lateral decubitus position and with the chest open,
using a Philips Optimus 2000 biplane Lateral ARC
2/Poly DIAGNOST C2 system (Philips Medical
Systems, North America Company, Pleasanton, CA,
USA) with the image intensifier in the 9-inch (20-cm)
fluoroscopic mode. Data from the two radiographic
views were digitized and merged using custom-
designed software (18) to yield the three-dimensional
(3-D) x, y, z coordinates for each of the radiopaque
markers every 16.7 ms throughout the cardiac cycle.
Force transducer tension, ascending aortic pressure,
LV pressure and ECG voltage signals were also digi-
tized and recorded simultaneously.

Data analysis

Two to three consecutive steady-state beats during
baseline, the two occlusion steps, and after dobuta-
mine infusion were averaged and defined as ‘Baseline’,
‘AV1’, ‘AV2’" and ‘dobutamine’ data for each animal.
During each cardiac cycle, end-systole (ES) was
defined as the frame containing peak rate of LV pres-
sure fall (-dP/dt); end-diastole (ED) was defined as the
videofluoroscopic frame containing the peak of the
ECG R-wave. Instantaneous LV volume was computed
from the epicardial LV markers as described previous-
ly (19). Stroke volume was calculated as the difference
between LV end-diastolic volume (EDV) and LV end-
systolic volume (ESV).

Mitral annular dynamics
Mitral annular area (MAA) was computed from the
3-D coordinates of the eight markers sutured to the

2
Figure 2: Post-mortem ex-vivo sagittal section of the heart
of one of the study animals showing the C-shaped
miniature force transducer (FT) between the anterior
(AML) and posterior (PML) mitral leaflets.
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mitral annulus using an annular centroid. The septal-
lateral (SL) annular diameter was calculated as the dis-
tance in 3-D space between markers placed on the
mid-anterior and mid-posterior mitral annulus.
Commissure-commissure annular diameter was calcu-
lated as the distance between the commissural mark-
ers.

Statistical analysis

All data were reported as mean + SD, unless other-
wise indicated. Hemodynamic and marker-derived
data from consecutive steady-state beats from each
heart were time-aligned at end-diastole. Marker data
were calculated over 20 frames before and after end-
diastole, thus allowing evaluation over a time period
of 650 ms. The mean (+ SD) for each variable at each
sampling instant was computed for Control, AV1, AV2
and dobutamine conditions. Data were compared
using Student’s t-test for paired comparisons and
repeated measures ANOVA when appropriate.
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Figure 3: Left ventricular volume (top panel), septal-lateral
mitral annular diameter (middle panel), and suture tension
(bottom panel) throughout the cardiac cycle at baseline
(solid squares) and during two progressive stages of abrupt
preload reduction (half-solid [AV1] and open [AV2]). A
650-ms time interval centered at end-diastole (t = 0) is
illustrated for all three conditions.
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Results

The mean total CPB time was 82 + 9 min, and the
mean aortic cross-clamp time 61 + 7 min. Correct
marker positioning and integrity of the leaflet-approx-
imating stitch were confirmed in all animals at post-
mortem examination.

Volume occlusion

Hemodynamic variables at baseline and during two
volume reduction steps are summarized in Table I. As
expected, peak and end-diastolic left ventricular pres-
sure (LVP), EDV and stroke volume were all decreased
significantly during each occlusion step compared
with baseline. The heart rate did not change. The rela-
tionship between LV volume, annular SL diameter and
Alfieri stitch (transducer) tension throughout the car-
diac cycle at baseline and during volume reduction is
shown in Figure 3. Maximum LV volume (165 + 31 ml,
148 + 34 ml and 132 + 36 ml for baseline, AV1and AV2,
respectively; p = 0.005 by ANOVA), SL diameter (3.03
+0.32 cm, 2.84 + 0.37 cm and 2.69 + 0.41 cm for base-
line, AV1and AV2, respectively; p = 0.0005 by ANOVA),
and transducer tension (0.30 + 0.18 N, 0.18 £ 0.12 N and
0.09 £ 0.06 N for baseline, AV1and AV2, respectively; p
= 0.0005 by ANOVA) decreased significantly during
each preload reduction step. At baseline, peak trans-
ducer tension was observed at 96 + 61 ms prior to end-
diastole coincident with peak annular SL diameter (98
+ 58 ms before end-diastole), which was significantly
earlier than the time of maximum LV volume (54 + 17
ms after end-diastole; p = 0.004 versus time of peak
tension). The maximal MAA at baseline was 9.1 + 1.4
cm? in late diastole (75 + 44 ms prior to end-diastole).

Dobutamine infusion

In order to investigate the effects of inotropic stimu-
lation and augmented systolic pressure on Alfieri
stitch tension, transducer tension, annular SL diameter
and LVP were calculated throughout the cardiac cycle

during dobutamine infusion (Fig. 4.) With dobuta-
mine, the heart rate (115 + 18 versus 86 + 17 bpm; p =
0.02), peak LVP (138 + 19 versus 115 + 14 mmHg; p =
0.03) and LV dP/dt (3,382 + 624 versus 1,589 + 572
mmHg/s; p = 0.004) were all increased relative to base-
line, while LV ESV fell (106 + 28 versus 128 + 33 ml; p
= 0.004). The maximum SL diameter was decreased
from 3.03 + 0.32 cm at baseline to 2.89 + 0.36 cm with
dobutamine infusion (p = 0.03), while peak transducer
tension fell from 0.30 £ 0.18 N to 0.20 £ 0.12 N (p =
0.01). Again, the temporal change in tension closely
followed the change in SL diameter, with LV systolic
pressure having little effect. Indeed, both at baseline
and during inotropic stimulation, Alfieri stitch tension
was falling during early systole while LVP was rising
abruptly. At the time of peak LVP, both SL diameter
and stitch tension were near minimum.

Predictors of Alfieri stitch tension

Six hemodynamic and geometric variables (ranges in
parentheses) were used as candidate predictors of
suture tension, and included LVP (3 to 193 mmHg), LV
dP/dt (-1,976 to 3,652 mmHg/s), LV volume (74 to 217
ml), MAA (4.5 to 10.9 cmz), mitral annular septal-later-
al dimension (1.9 to 3.5 cm), and mitral annular com-
missure-commissure dimension (2.6 to 4.5 cm). Two
stages of statistical analysis were used to determine the
predictors of Alfieri stitch tension. The first stage is
known as ‘time-warping’. Initially, there were 32 dif-
ferent observation curves, with eight animals being
studied under four conditions (baseline, AV1, AV2 and
dobutamine). Each had a different time scale, depend-
ing on the characteristics of the cardiac cycle (e.g.,
heart rate, amount of time spent in diastole). In order
to synchronize the different curves, the time scale was
adjusted to make their LVP move roughly in parallel.
Thus, a universal time scale was created for the differ-
ent curves (20). Once the heart cycles had a compara-
ble time scale, it was possible to use a more
appropriate regression technique. In ordinary linear

Table I: Hemodynamics.

Parameter Baseline AV1 AV2 p-value
(ANOVA)

HR (bpm) 86 +17 92 +24 91 +24 0.5
LVPmax (mmHg) 115+ 14 106 + 117 90 + 10 0.0005
dP/dt (mmHg/s) 1,589 + 585 1,558 + 572 1,322 + 424 0.002
LVEDP (mmHg) 19+7 12+5 8+3 0.0005
EDV (ml) 158 + 32 142 + 33" 128 + 35 0.0005
SV 30+ 14 2249 17+6 0/.001

“p <0.025 versus baseline by f-test for paired comparisons.
dP/dt: Maximum positive rate of change of left ventricular pressure; EDV: Left ventricular end-diastolic volume; HR: Heart
rate; LVEDP: Left ventricular end-diastolic pressure; LVPmax: Maximum LV pressure; SV: Stroke volume.
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regression, each predictor is assigned a single coeffi-
cient; however, for this problem a single coefficient
does not suffice, as in different stages of the cardiac
cycle a predictor may have a different impact. As an
example, high LVP is a predictor for tension during
diastole, but during systole the effect is reversed (Fig.
5). Hence, different coefficients are needed for each
point in time. The appropriate model was fitted in S-
Plus (Mathsoft, Inc.,, Cambridge, MA, USA) using a
periodic least-squares time-varying coefficients model
(21). Subsequently, 95% confidence intervals (CI) were
generated by bootstrapping the residual tension
curves. LVP was the only predictor for which the effect
varied significantly with time. Other significant pre-
dictors (with 95% CI) were best fit as constant in time,
including septal-lateral annular diameter (0.2115 (CI
0.1237, 0.2800)) and MAA divided by septal-lateral
diameter (-0.1996 (CI -0.3237, -0.0771)). An intercept
term (0.1916 (CI -0.2988,0.4144)) was also included. In
addition, several candidate predictors were not found
to be predictive; including LV dP/dt, LV volume and
annular commissure-commissure dimension. In this
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Figure 4: Left ventricular pressure (LVP) (top panel),
mitral septal-lateral (S-L) annular diameter (middle panel),
and suture tension (bottom panel) throughout the cardiac
cycle at baseline (squares) and during inotropic stimulation
with dobutamine (triangles). A 650-ms time interval
centered at end-diastole (t = 0) is illustrated for both
conditions.
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model, tension at any time (Tt) during the cardiac cycle
was described by the mathematical equation:

Tt (N) = 0.1916 + 0.2115 x SL (cm) - 0.1996 x MAA /SL
(sz/ cm) + ft x LVP (mmHg)

where SL represents septal-lateral annular diameter,
MAA mitral annular area, and ft the time-varying coef-
ficient of LVP. This model used 28 degrees of freedom
to explain 57% of the variance across 1,166 measure-
ments of Alfieri stitch tension.

Discussion

Mitral valve repair is currently the preferred surgical
procedure for the correction of mitral insufficiency of
various etiologies (1,22,23). The addition of the Alfieri
edge-to-edge repair has widened the indications for
mitral valve repair according to some investigators
(11,12,24). Since the repair approximates the edge of
the two mitral leaflets with a single suture, concerns
about mitral stenosis and limited durability have aris-
en. Both clinical (12,13,15) and experimental (16,25)
studies have shown that stenosis after the edge-to edge
repair is unlikely, but valve gradients increase signifi-
cantly with exercise (26). Although good mid-term
results have been reported with the Alfieri repair in
some forms of mitral pathology (12), the durability of
the technique is yet to be firmly established. One
determinant of repair durability may be an excessive
degree of tension on the approximating suture, but the
factors which affect Alfieri stitch tension are not
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Figure 5: Time varying left ventricular pressure (LVP)
coefficient (solid line) throughout the cardiac cycle; 95%
confidence limits are illustrated by the dashed lines. The

cardiac cycle is centered at end-diastole, with systole to the
right and diastole to the left of point zero.
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known. In the current study with sheep, a wide range
of hemodynamic conditions were created using vol-
ume reduction and dobutamine infusion after the
mitral leaflets were approximated using a force trans-
ducer. Consequently, it was found that tension on the
leaflet approximation point was determined mainly by
mitral annular size, and the septal-lateral annular
diameter in particular.

Maximum suture tension was observed in diastole
when annular area and septal-lateral diameter were
maximal. Peak tension at baseline was 0.30 + 0.18 N,
which is similar to the tension in primary chordae
tendineae reported recently in a porcine in-vivo study
(27). This value also agrees closely with the longitudi-
nal stress on the Alfieri stitch of 0.39 N estimated from
a 3-D computational model of stress distribution after
edge-to-edge repair (28). Systolic tension on the Alfieri
stitch was low (and actually approached zero) in early
systole and throughout ejection. These observations
concur with the clinical predictions of Umaria et al. (13)
and the theoretical computational model of Arts et al.
(29). Maximal LV volume did not coincide temporally
with peak tension under baseline conditions or during
two stages of abrupt preload reduction, suggesting
that LV chamber size - aside from the its influence on
annular size - had little effect on suture tension.
Interestingly, during dobutamine infusion, peak sys-
tolic pressure increased substantially while both sys-
tolic and diastolic suture tension values fell, most
likely due to a smaller annular size secondary to
inotropic stimulation (30). These findings further sug-
gest that systolic blood pressure does not significantly
affect stress on the leaflet-approximating point.

Statistical analysis of the predictors of suture tension,
including hemodynamic parameters and valvular
dimensions, revealed annular size to be a strong pre-
dictor of suture tension. The effect was constant with
time throughout the cardiac cycle - that is, annular area
and septal-lateral size influence Alfieri stitch tension
during both systole and diastole. Interventions or
hemodynamic conditions which reduce annular sep-
tal-lateral diameter would be expected to reduce
suture tension, while those that increase this dimen-
sion should increase tension. Indeed, dilation of annu-
lar septal-lateral diameter during acute ischemia has
been shown to increase stitch tension significantly (31).
Computational analysis of stress distribution on the
leaflet approximation point after the double-orifice
repair revealed a 253% increase in longitudinal stress
on the Alfieri stitch after only a 20% increase in annu-
lar area (28). Conversely, a reduction of annular septal-
lateral dimension through either complete (32) or
partial (33) ring annuloplasty should reduce suture
tension, as postulated by Arts et al. (29), though this
assumption remains to be proven clinically. Currently,
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advocates of the Alfieri mitral valve technique usually
add concomitant ring annuloplasty (9,11); such annu-
lar reduction may decrease suture tension as the annu-
lar septal-lateral dimension is substantially smaller.
McCarthy et al. (15) performed the Alfieri repair with-
out ring annuloplasty in four patients undergoing par-
tial left ventriculectomy, and all developed substantial
mitral insufficiency within several months, possibly
due to progressive annular dilatation and excessive
stitch tension (as annular dilation in cardiomyopathy
develops mainly in the septal-lateral dimension) (34).
An undersized (26 mm) Cosgrove-Edwards ring was
implanted in subsequent patients, and this resulted in
a more durable repair. Furthermore, Lorusso et al. (35)
reported that severe atrial dilatation and the use of
pericardial annuloplasty as opposed to ring annulo-
plasty were significant predictors of operative failure
in the edge-to-edge technique. These data suggest that
annular dilatation probably is associated with poor
long-term results after an Alfieri repair, especially as
atrial and annular dynamics are closely linked (36,37).
In the largest clinical series of edge-to-edge mitral
repairs, Alfieri et al. (38) reported that a lack of con-
comitant annuloplasty was an independent risk factor
for reoperation in a multivariable logistic regression
analysis. In a recent analysis of 91 patients who under-
went the edge-to-edge mitral repair without a ring
annuloplasty, Maisano et al. (39) observed suboptimal
clinical results, especially in patients with annular cal-
cification. Thus, it appears that concomitant ring annu-
loplasty is needed. Although it is attractive to
speculate that an annuloplasty reduces annular septal-
lateral diameter and consequently reduces Alfieri
stitch tension, such conclusions at this time cannot be
supported on clinical grounds. Annular reduction may
decrease suture tension by making the septal-lateral
dimension smaller, but this may not guarantee long-
term Alfieri repair durability.

The two other predictors of suture tension were
mitral annular area divided by septal-lateral diameter
and LVP. The ratio of annular area to septal-lateral
diameter had an inverse predictive effect which was
constant throughout the cardiac cycle. Thus, mitral
annular shape, as represented by this relationship,
appears to have an important effect on suture tension.
The commissure-commissure diameter was not a sig-
nificant predictor of suture tension, even though the
ratio of MAA /SL partially reflects this annular dimen-
sion. The normal ratio of annular septal-lateral to com-
missure-commissure diameters in the human mitral
valve (40) is approximately 3:4, and this has also been
confirmed in the ovine valve (41). A more circular
valvular shape has been associated with mitral regur-
gitation in acute posterolateral LV ischemia (42) and
tachycardia-induced cardiomyopathy (34), whereas
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commissure-commissure dilatation does not appear to
lead to mitral regurgitation (43). Thus, a less circular
valve orifice would be expected to reduce the tension
on the approximating stitch in the edge-to-edge repair,
though whether this is a reflection of smaller annular
septal-lateral diameter or is indicative of better overall
stress distribution of this valvular configuration is not
known. The LVP coefficient was the only predictor of
suture tension which varied with time during the car-
diac cycle; it had only a small effect during systole,
indicating that systolic blood pressure is not a major
determinant of Alfieri stitch tension. LVP had a greater
effect in late diastole, when suture tension was maxi-
mal, but the coefficient was small. In the context of
clinical heart failure, however, a high diastolic LVP
could contribute importantly to suture tension.

In the present experiment, predictors of Alfieri stitch
tension were identified in an acute, open-chest sheep
preparation using a miniature force transducer to
approximate the central edge of the mitral leaflets.
Peak suture tension was observed during late diastole,
and subsequently fell almost to zero during systole.
The annular septal-lateral dimension was the major
determinant of suture tension, in addition to mitral
annular shape; systolic LVP had only a small effect.
Mitral procedures which reduce mitral annular size or
prevent annular septal-lateral dilatation may therefore
be expected to reduce suture tension and perhaps
improve durability of the edge-to-edge repair, though
whether this will be borne out in the clinical arena
remains to be investigated.

Study limitations

The major limitations of the present study were
inherent to the animal model. The tension measure-
ments were obtained in sheep which were anes-
thetized and studied under open-chest conditions, and
no annuloplasty rings were used, thereby limiting
extrapolation of the experimental results to the human
situation. Because of a desire to study the effect of
annular size on Alfieri stitch tension, ring annuloplas-
ty was not included in the surgical procedure, as annu-
loplasty rings - whether flexible or rigid - abolish
mitral annular dynamics (32). The surgical procedure
necessitated implantation of small metallic markers
around the mitral annulus, and this could in theory
affect normal annular motion. However, echocardio-
graphic studies indicated that the markers did not
interfere with mitral annular or leaflet motion as they
were very small (aggregate mass 20 + 6 mg). Although
annular size affects Alfieri stitch tension, and annular
dilatation (especially in the septal-lateral dimension)
increases suture tension, it is yet not known what effect
an increased suture tension might have on the durabil-
ity of an edge-to-edge repair. The present study inves-
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tigated Alfieri stitch tension with approximation of the
central edges of both leaflets, but whether the present
findings would be applicable if an ‘asymmetric’ dou-
ble-orifice repair were to be performed (i.e., with the
suture placed towards either commissure) is not
known.
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