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ABSTRACT 

Objective: To evaluate LV papillary muscles (PM) function using transesophageal echocardiography (TEE), and to 
determine the relationship between PM function and mitral regurgitation in patients with normal left ventricular sys-
tolic function. Design: TEE examinations were prospectively performed. End diastolic and end systolic PM lengths 
were obtained from the transgastric long axis views and fractional systolic shortening (FS) was calculated. LV ejection 
fraction was determined using modified Simpson rule and mitral regurgitation was determined using regurgitant jet 
area by color flow. Setting: Tertiary Center. Patients: 85 consecutive adult patients (51 with mitral regurgitation and 
34 without) with normal LV chamber dimensions and LV systolic function, meeting enrollment criteria. Results: The % 
FS in patients with mitral regurgitation was 21.7% ± 3.6% for anterior PM (APM) and 18.7% ± 4.6% for posterior PM 
(PPM). In those without mitral regurgitation, the values were as follows; 22.6% ± 5.4% (APM) and 19.5% ± 3.8% 
(PPM). In a subgroup of patients with severe mitral regurgitation (n = 23), the values for PM FS were 20.3 ± 6.8 (APM) 
and 18.4% ± 6.9% (PPM). There was no statistically significant difference in PM fractional shortening between the 
groups. Anterior papillary muscle length was longer in those patients with mitral regurgitation compared to those 
without [(End-diastolic length (cm): 3.38 ± 0.61 v 2.88 ± 0.47(p: 0.008) and end-systolic length of 2.46 ± 0.51 v 2.17 ± 
0.33 (p: 0.04)]. These differences are more pronounced in those with severe mitral regurgitation (p: 0.002 and 0.004 for 
EDL and ESL respectively. Conclusion: In patients with normal LVEF, PM contraction is similar in those with and 
without MR. In patients with MR however, anterior PM length (ED & ES) is significantly increased. Our data suggests 
that in patients with normal LVEF, PM dysfunction appears to play no significant role in the causation of MR. Anterior 
papillary muscle length however, appears to be a major determinant of mitral regurgitation in such patients. 
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1. Introduction 

The role of papillary muscle dysfunction in the causation 
of mitral regurgitation has been the subject of intense 
debate and controversy over the years. However no prior 
systematic study in humans has verified the true rela-
tionship between papillary muscle function and mitral 
regurgitation in patients with normal LV function. 

Many anatomic and experimental studies of papillary 
muscles have been reported [1-4] including a few clinical 
investigations of human papillary muscles using two-  

dimensional transthoracic echocardiography [5-7]. These 
studies have provided only limited understanding of pap- 
illary muscle function and its relationship to mitral and 
ventricular function. In vivo study of papillary muscle 
function in humans is limited by inadequate acoustic 
windows in a significant number of patients and also by 
the inability of transthoracic echocardiography to fully 
delineate both papillary muscles, particularly in the long 
axis views, thus limiting its ability to reliably and con- 
sistently determine PM length and contractile perform- 
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ance. TEE has the advantage of direct, high frequency 
imaging of papillary muscles without acoustic interfer- 
ence [8]. 

In patients with ischemic heart disease and dilated car- 
diomyopathy, we and others have provided clinical and 
experimental evidence linking mitral regurgitation to 
distortions in left ventricular geometry, papillary muscle 
dysfunction and alterations in the mitral and submitral 
apparatus and their relationships [2-5,8].In the absence of 
discrete valve disruption or degenerative disease, the 
precise mechanism of mitral regurgitation in patients 
with normal LV systolic function is often more difficult 
to ascertain. The role of papillary muscle function in this 
category of patients is unclear. 

The specific objective of this study therefore is to pro- 
vide an assessment of human papillary muscle contractile 
function in patients with mitral regurgitation and normal 
LV function using transesophageal echocardiography and 
to determine the relationship between papillary muscle 
length and function and the presence and severity of mi- 
tral regurgitation in this class of patients. 

2. Methods 

2.1. Subjects 

The study population consisted of 85 patients meeting 
enrollment criteria with normal chamber dimensions and 
LV systolic function prospectively evaluated in our echo- 
cardiography laboratories with TEE. Fifty-one patients 
had isolated mitral regurgitation and thirty-four patients 
had no mitral regurgitation. The following exclusion cri-
teria were applied: LVEF < 55%, LV enddiastolic di-
mension > 56 mm, known or suspected coronary artery 
disease, concomitant valve disease other than mitral re-
gurgitation, regional wall motion abnormality, congestive 
heart failure, atrial fibrillation or severe systemic illness. 
All patients gave informed consent to TEE before the 
procedure. Study protocol was approved by the Institu-
tional Review Board. Thirty-nine patients were females 
and forty-six were males. Mean age was 54.5 ± 7.2 years 
(range 36 - 68). 

2.2. Transesophageal Echocardiographic 
Imaging 

Transesophageal Echocardiographic studies were per- 
formed using HP Sonos 5500 and Vivid 3 Echo machine 
with a multiplane transesophageal instrument (Omni- 
plane, Agilent and GE 6T) composed of a 64 element 
phased array transducer with a dual frequency feature 
permitting two-dimensional imaging at 5 and 3.7 MHz 
The transducer array within the tip of the endoscope 
allowed electronic or mechanical rotation around the 

long axis of the ultrasound beam through a 180-degree 
arc. TEE was performed using standard technique. Mid 
papillary short axis views were obtained by advancing 
the probe into the mid gastric level, with retroflexion of 
the probe tip while the ultrasound beam was stationed at 
0 degree as we have previously described [8,9]. 

Detailed, simultaneous visualization of the long axis 
planes of both PM’s was obtained by steering of the ul- 
trasound beam from 0 degree to 90 degrees with lateral 
rotation of the probe and mild retroflexion of the probe 
tip. In this plane, PM images were obtained for subse- 
quent off-line measurement of both ED and ES lengths. 
With gentle manipulation of the imaging probe to pro- 
perly direct the ultrasound plane, precise longitudinal and 
short axis views of both papillary muscles were obtained 
at the same time throughout the cardiac cycle. Record- 
ings were obtained in held expiration. 

2.3. Off-Line Analysis of Papillary Muscle 
Imaging 

Papillary muscle length was defined as the distance from 
the tip of the papillary muscle cone to the center of its 
base at the attachment of the papillary muscle to the left 
ventricular free wall. Papillary muscle measurements were 
obtained in both PM’s. The longest measured length in 
end diastole and end systole during the same cardiac cy-
cle was used for analysis. When more than 1 PM head was 
visualized, we measured the length of the 2 largest muscle 
groups and averaged the measurements. Mean values of 4 
cardiac cycles were obtained. Percent papillary muscle 
fractional shortening was obtained using the following 
empiric formula: 

End-Diastolic length End-Systolic length
100

End-Diastolic length


   (1) 

LVEF was obtained from transthoracic echo images 
using the modified Simpson method. LV end-diastolic 
dimension was obtained from 2-D directed M mode trac- 
ing using the leading edge technique according to the 
American Society of Echocardiography [10]. 

2.4. Quantification of Mitral Regurgitation 

The degree of severity of mitral regurgitation was quan- 
tified using 5 different methodologies (Table 1): 

1. Regurgitant Fraction (RF): this is the percentage 
of the left ventricular stroke volume that regurgitates into 
the left atrium. 

mitral aortic

mitral

RF 100%
V V

V


         (2) 

where Vmitral and Vaortic are respectively the volumes of 
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Table1. Severity of Mitral Regurgitation. 

severity severe 

RF >50 

EROA >0.4 cm2 

Vena Contracta >0.7 cm 

PISA Radius >1 cm 

RJA/LAA >40% 

Quantification of mitral regurgitation severity with different methods as 
described above. 

 

blood that flow forward through the mitral valve and 
aortic valve during a cardiac cycle. 

We determined forward flow through the mitral valve 
(from the left atrium to the left ventricle) during ven-
tricular diastole and compared it with the flow out of the 
left ventricle through the aortic valve in ventricular sys-
tole. Regurgitant fraction >50% was classified as severe 
mitral regurgitation. 

2. Effective regurgitant orifice area (EROA): We 
calculated the effective regurgitant orifice area using the 
instantaneous regurgitant flow. The formula was derived 
from the following: 

 
2

aliasing max

2
aliasing max

*2π *EROA

: EROA=PISA 2π *

V r V

Hence r V V


   (3) 

The aliasing velocity was adjusted to identify a flow 
convergence region with a hemispheric shape. The radius 
of this hemisphere was then measured, and flow rate 
(ml/s) was calculated as the product of the surface area of 
the hemisphere  and the aliasing velocity (Va). 
Vmax is the peak velocity of the regurgitant jet by con-
tinuous wave (CW) Doppler. Effective regurgitant orifice 
area >0.40 cm2 was classified as severe mitral regurgita-
tion. 

 22πr 

3. Vena contracta width: This was determined as the 
narrowest region of regurgitant jet just below the valve in 
LA. We measured the vena contracta width in the parast-
ernal long axis view from transthoracic echo, in a plane 
perpendicular to mitral leaflet closure. Vena contracta 
width >0.7 cm was classified as severe MR  

4. PISA radius: We determined the area of the re- gur-
gitant flow at the level of the mitral valve by measuring 
the proximal isovelocity area (PISA) or zone of flow 
convergence. The radius of the proximal isovelocity area 
was determined. Regurgitation was classified as severe if 
PISA radius was more than 1 cm. 

5. RJA/LAA: We evaluated the regurgitant jet area 
(RJA) relationship to left atrial area (LAA) as previously 
described by Helmcke et al. (11). Severe MR was de-
fined as RJA/LAA ratio >40%. 

Study subjects meeting 4 out of 5 criteria were classi-
fied as having severe mitral regurgitation for the purpose 

of this investigation. 

2.5. Statistics 

All measurements were expressed as mean ±SD. The 
Fisher paired t-test was used to evaluate differ- ences 
between groups. Significance level was set at a level of 
alpha = 0.05. 

2.6. Intraobserver and Interobserver Agreement 

We validated our measurements with both intraobserver 
and interobserver variability. In order to assess intraob-
server variation, we verified measurements of the 
end-diastolic and end-systolic lengths of both papillary 
muscles at two different times by the same investigator 
from videotaped recordings from 3 randomly selected 
subjects. The same measurements were again obtained 
on a separate occasion, in the same cardiac cycle by two 
independent observers (DB and ECM), using the same 
sample population and methods. There was excellent 
intraobserver consistency for either papillary muscle 
length (r: + 0.92, y = 0.97 x + 3.2, SEE = 2.1 mm). In-
terobserver agreement was equally good (r = 0.88, y = 
0.94 x + 0.33, SEE 1.6 mm). High correlation between 
the two independent measurements (intra or interob-
server) was noted. 

3. Results 

Out of the eighty-five patients with normal LV chamber 
dimensions and ejection fraction, meeting enrollment 
criteria, we identified mitral regurgitation in 51 patients, 
28 with mild or moderate mitral regurgitation and 23 
with severe mitral regurgitation. Thirty-four patients in 
our series had no mitral regurgitation and served as nor-
mal controls. When compared to the group without MR, 
there was no observed difference in ejection fraction 
(61.4% ± 4.3% Vs 62.7% ± 6.5%) or papillary muscle 
percent fractional shortening (21.7% ± 3.6% Vs 22.6% ± 
5.4% (APM) and 18.7% ± 4.6% Vs 19.5% ± 3.8% (PPM). 
LV chamber dimensions (ED and ES) were statistically 
similar between the groups. The only observed difference 
between the groups was in the significantly longer ante-
rior papillary muscle length in those with mitral regurgi-
tation compared to those without mitral regurgitation at 
ED (p = 0.008) and ES (p = 0.04). These differences 
were more pronounced in those with severe mitral regur-
gitation (Tables 2A & B). 

4. Discussion 

Human investigations of papillary muscle function and 
relevance have been limited by small number of subjects, 
as well as the inherent difficulty of obtaining sufficiently 
clear images of papillary muscles with transthoracic im- 
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Table 2A. Comparison between groups without MR and 
those with MR.  

 no MR (n = 34) MR (n = 51) p-value 

LVEF 62.7 ± 6.5 61.4 ± 4.3 NS 
Anterior PM 
ED length 2.88 ± 0.47 3.38 ± 0.61 0.008 

ES length 2.17 ± 0.33 2.46 ± 0.51 0.04 

PMFS % 22.6 ± 5.4 21.7 ± 3.6 NS 
Posterior PM 
ED length 2.49 ± 0.47 2.58 ± 0.69 NS 

ES length 1.92 ± 0.37 1.89 ± 0.67 NS 

PMFS% 19.5 ± 3.8 18.7 ± 4.6 NS 

Statistically significant increase in the length (ED & ES) of the anterior 
papillary muscle is noted in patients with MR compared to those without 
MR and no observed difference was noted between the two groups in PMFS 
& LVEF. ED, end diastole; ES, end systole; MR, mitral regurgitation; LVEF, 
left ventricular ejection fraction; PMFS, papillary muscle fractional short-
ening; PM, papillary muscle. 
 
Table 2B. Comparison between groups without MR and 
those with Severe MR. 

 
no MR (n = 34)

Severe MR 
(n = 23) p-value 

LVEF 62.7 ± 6.5 60.5 ± 9.3 NS 

Anterior PM 

ED length 2.88 ± 0.47 3.73 ± 0.85 0.002 

ES length 2.17 ± 0.33 2.87 ± 0.71 0.004 

PMFS % 22.6 ± 5.4 20.3 ± 6.8 NS 

Posterior PM 

ED length 2.49 ± 0.47 2.87 ± 0.91 NS 

ES length 1.92 ± 0.37 2.08 ± 0.65 NS 

PMFS% 19.5 ± 3.8 18.4 ± 6.9 NS 

Increase in the length (ED & ES) of the anterior papillary muscle is more 
pronounced in patients with severe MR and no observed difference was 
noted between the two groups in PMFS & LVEF. ED, end diastole; ES, end 
systole; MR, mitral regurgitation; LVEF, left ventricular ejection fraction; 
PMFS, papillary muscle fractional shortening; PM, papillary muscle. 
 
aging [5,7,12,13]. Using the superior imaging capabilities 
of transgastric echocardiography, we evaluated the rela- 
tionship between papillary muscle function and mitral 
regurgitation in patients with normal LV chamber size 
and function and mitral regurgitation. Over the past few 
decades, progressive degenerative disease of the mitral 
valve and its apparatus has assumed increased promi- 
nence as a cause of mitral regurgitation. Also increa- 
singly recognized since the early eighties is mitral regur- 
gitation from disruption of valve leaflets mainly from 
infectious endocarditis or other systemic illnesses. Sig- 
nificant MR without intrinsic leaflet pathology may be 
encountered in 11% of patients [14]. In those patients 

without evidence of disruptive or degenerative process of 
the valve and its supporting structures, the precise me- 
chanism of mitral regurgitation remains less certain. 
Several etiologic mechanisms for functional mitral re- 
gurgitation have been proposed in those patients with di- 
lated cardiomyopathy and ischemic heart disease. There 
is a strong evidence to suggest that ischemic heart dis-
ease or dilated cardiomyopathy may incite significant 
mitral regurgitation by causing displacement or tethering 
of mitral leaflets (resulting in impaired leaflet coaptation), 
through several mechanisms such as increased annular 
dilatation, volume overload, and reduced myocardial con-
tractility and alterations in left ventricular geometry 
[4,15-22]. These proposed mechanisms cannot be applied 
to those patients with normal LV chamber dimensions 
and function and with no objective evidence of ischemia 
or coronary artery disease. The precise mechanism of mi- 
tral regurgitation in this population remains unresolved 
and controversial.  

Papillary muscle dysfunction has previously been 
proposed as a mechanistic cause of mitral regurgitation. 
We have previously shown that papillary muscles make 
significant contribution to ventricular ejection mechanics 
in humans [9].However, the role of papillary muscle dys- 
function in the causation of mitral regurgitation in the 
presence of normal LV systolic function is less clear and 
the subject of ongoing debate. There is indeed experi-
mental evidence to suggest that isolated papillary muscle 
dysfunction in an adequately contractile ventricle is not 
associated with significant mitral regurgitation [3]. In an 
animal model of experimental mitral regurgitation, Kaul 
et al. showed that ischemic mitral regurgitation was not 
related to papillary muscle dysfunction, but rather to 
global LV myocardial ischemia [3].  

Messas et al. [23] in animals, using 3D echocardiogra- 
phy and Uemura et al. [24] in humans using transthoracic 
echocardiography demonstrated that the severity of 
ischemic MR is primarily related to papillary muscle 
tethering distance and does not have any consistent rela- 
tionship with papillary muscle dysfunction itself. In fact 
it has been shown that PM dysfunction per se, is associ- 
ated with systolic elongation or less systolic shortening 
and paradoxically may result in attenuation of leaflet 
tethering and ischemic MR. 

In a human study using transthoracic echocardiogra- 
phy, Kisanuki et al. [7] found no correlation between 
mild mitral regurgitation and papillary muscle dysfun- 
ction. Our work on humans with TEE extends these ear- 
lier observations and demonstrates for the first time, the 
absence of correlation between papillary muscle function 
and mitral regurgitation in those patients with normal LV 
chamber size and function. Rather, we show that the 
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length of the anterior mitral valve leaflet is a major pre- 
dictor of the presence of mitral regurgitation in this class 
of patients. We believe that the spatial relationship be- 
tween the papillary muscles, the chordae and the mitral 
valve leaflets are crucial determinants of the occurrence 
of mitral regurgitation. Any alteration in the spatial rela- 
tionship between the papillary muscles and the mitral 
apparatus may result in significant mitral regurgitation. 
Such aberrations could result from an abnormal elonga- 
tion of the papillary muscle, LV dilatation or ischemia 
resulting in abnormal coaptation of the valve leaflets and 
hence mitral regurgitation. Our findings indicate that in 
patients with normal LV function and mitral regurgita- 
tion, anterior papillary muscle elongation plays a signifi- 
cant role in the causation of functional mitral regurgita- 
tion. We speculate that the abnormal elongation in ante- 
rior PM length in these patients may result in disruption 
of the spatial relationship between the PM and the MV 
leaflets resulting in impaired leaflet coaptation and mitral 
regurgitation. In the 51 patients in our series with normal 
chamber dimensions, LV function and mitral regurgita- 
tion, PM fractional shortening was normal and similar 
between the groups and could not separate those patients 
with mild mitral regurgitation from those with more se- 
vere mitral regurgitation. 
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