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Quantitative structural analysis of collagen in
chordae tendineae and its relation to floppy mitral
valves and proteoglycan infiltration
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SUMMARY Imbibition analysis, a polarised light microscopy technique, was used to examine the
molecular organisation of collagen in normal and diseased mitral valve chordae tendineae. A
single strut chorda from each of 23 valves (14 from necropsy specimens and nine from valve
replacement surgery) was studied. The degree of molecular organisation of collagen in unstained
7 ,um sections of the chordae was assessed by measuring the retardation of polarised light by the
sample. Sections from each tendon were examined, after staining with Movat's pentachrome, for
the presence of proteoglycan infiltration and classified as normal or abnormal on that basis. The
imbibition analysis results were grouped accordingly. The retardation in the collagen in the seven
chordae with proteoglycan infiltration was significantly lower than in the 16 normal chordae,
indicating decreased molecular organisation. Five of the seven abnormal chordae with pro-
teoglycan infiltration and decreased retardation were from patients with floppy mitral valves; the
other two were from normal necropsy specimens.
Although proteoglycan infiltration may not be a specific marker for floppy valve disease, its

presence is associated with decreased molecular organisation of collagen in the chordae.
Degradation of the ground substance bound to the collagen is the most plausible explanation for
the measured optical changes.

The widespread occurrence of floppy mitral valves
has provoked much interest, both in its clinical
aspects and in the pathological process(es) that cause
it. No single defect, however, has been identified as
the main factor causing floppy valves. Since Read
etal first observed mitral prolapse and introduced
the term floppy valve,' there have been many sug-
gestions regarding the nature of the abnormality.
One histological feature that is frequently associated
with floppy valves is the presence of large aggregated
amounts of proteoglycans (often called myxomatous
infiltration). The accumulation of proteoglycans was
first thought to be the primary lesion in floppy
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valves. However, myxomatous change is not seen in
every floppy valve and may also be found in valves
without clinical manifestation of the condition.2
Based on their morphological and histological study
of mitral valves, King etal proposed that collagen
dissolution in the valves and chordae tendineae was
the basic pathological process.2 They did not, how-
ever, identify the exact nature of the collagen dis-
solution. Genetic collagen abnormalities such as
Marfan syndrome3 and the various types of Ehlers-
Danlos syndrome4 have also been associated with
floppy valves, but the nature of this relation remains
unclear. Hammer et al suggested that the collagen in
the valve apparatus was abnormal because of an
absence of type III and type V collagen,5 but this
conclusion was based on the study of a single mitral
valve with ruptured chordae. A later study by Lee
et al, with a larger sample size, showed no difference
in the collagen type composition of normal and
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Collagen analysis in floppy mitral valves

floppy valves.6 Henney et al found that there was an
increased synthesis of collagen in the valve com-
plex.7 Others, however, have reported evidence for a
breakdown in the normal collagenous structure of
the chordae.89 These groups used electron micros-
copy to demonstrate extensive degradation of the
collagen in ruptured chordae, which they suggested
could be due to enzyme activity. Guthrie and
Edwards proposed that chordal elongation observed
in mitral valve prolapse was the result of abnormal
chordal tension caused by the prolapsing leaflet.'0
This seems unlikely unless the collagen in the chor-
dae was also abnormal, since mechanical testing has
shown that normal chordae are relatively stiff at
strain values above 150%.11
The one factor common to these proposals is that

collagen structure is a key element in floppy valves.
Since the above studies did not reveal a consistent
abnormality of collagen fibre structure the problem
could be at the molecular level. We used imbibition
analysis, a polarised light microscopy technique, to
examine the molecular organisation of collagen in
the chordae tendineae of normal and floppy mitral
valves. This method exploits the anisotropic mol-
ecular organisation of collagen, which makes it
birefringent and hence visible in the polarising
microscope. Changes in molecular organisation that
would not be seen with ordinary light microscopy
can be observed and quantified by the use of
polarised light.

Patients and methods

A single randomly selected strut chorda was
removed from each of 23 mitral valves. Of these
specimens, 14 (eight from men and six from women)
were obtained at necropsy from patients who had
died from non-cardiac causes (age range 26-92), and
nine (five men, four women) came from patients
undergoing valve replacement for mitral valve dis-
ease (age range 58-81). In the latter group, the clini-
cal diagnosis was floppy valve disease in six patients
and rheumatic mitral valve disease in the remaining
three.
Each of the selected chordae tendineae was fixed

in 100% neutral buffered formalin. The chordae were
processed for paraffin embedding and then sectioned
longitudinally at a thickness of 7pm. Longitudinal
sectioning resulted in the collagen fibres lying in the
plane of the section. The sections were mounted on
strain free glass slides. Immediately before mount-
ing the slides were smeared with albumin fixative,
which helped the section adhere to the slide during
the measuring procedures. Sections from each of the
chordae were then examined by the following
techniques.
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IMBIBITION ANALYSIS
Theory
When linearly polarised light enters a material such
as collagen, which has an anisotropic molecular
organisation, the light is resolved into two rays
(called the ordinary and extraordinary rays) that are
polarised in mutually perpendicular planes."2 This
property of birefringent materials forms the basis of
the method of examining molecular organisation.
The two rays travel at unequal velocities, because of
the anisotropy of the tissue, and a phase difference is
therefore introduced between them. The difference
in the two velocities depends on the molecular
organisation of the material. Hence, by measuring
the retardation produced, which is proportional to
the phase difference, the molecular organisation
of different samples may be compared. The
retardation, F, is given by the formula, F = t (ne-
n0)i (equation 1), 12 where t is the section thickness
and ne and n0 are the refractive indices of the two
rays. The term (ne - n0)i is called the intrinsic
birefringence and is a characteristic property of the
tissue. The measured retardation may be altered by
staining and is also dependent on orientation.
Therefore, to ensure that the retardation was solely
due to the intrinsic molecular organisation of the
collagen itself, we studied unstained sections. To
eliminate orientation effects the chordae were sec-
tioned longitudinally so that the collagen fibres lay
in the section plane.
Form birefringence also contributes to

retardation. Form birefringence arises from the
difference in refractive index between the material
being studied and the surrounding medium. The
contribution of form birefringence (n. - n.)f to the
retardation is given by (n,2 - n22)2F (equation 2),
where ni is the refractive index of the material, n2
the refractive index of the mounting medium, and F
is a form factor,'3 which depends on volume frac-
tions of the different components and the shape of
the fibres. The mathematics developed to calculate F
assume that a two component system is being
studied-that is the surrounding or imbibing
medium and the material. Because of its bound
ground substance collagen is a more complex system
and the equations cannot be rigorously applied.
However, when nI = n2 the form birefringence will
be zero regardless of the value of F, and so only the
intrinsic birefringence will contribute to the
retardation. Therefore, if retardation in collagen is
measured in a series of different media with different
refractive indices the retardation at the minimum
value on the graph in which retardation is plotted
against refractive index will be proportional to the
intrinsic birefringence, and hence will be related to
the molecular organisation. This procedure is called
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Table The media used in the imbibition analysis and their
refractive indices

Imbibing medium Refractive index

Water 1-33
20O1 glycerol 1-36
40% glycerol 139
600o glycerol 142
80%o glycerol 1-44
10000 glycerol 1-46
Paraffin oil 1-48

imbibition analysis and graphs of retardation versus
refractive index are called form birefringence
curves.

Measuring procedure
Retardations were measured by the method of de
Senarmont. 2 A Nikon Optiphot-pol microscope
with a 40 x objective, a quarter wave plate, and a
monochromatic light source (A = 546 nm) were
used. The sections were first cleared of embedding
wax with xylene, then washed and soaked in water
until the tissue was fully imbibed-that is further
soaking produced no change in retardation. The
time required to achieve this state was one hour.14
The slide was then removed from the water and a
coverslip was placed over the section to prevent it
from drying. For each section, the retardation of the
collagen was measured at ten different locations in
the tendon and an average was calculated. The cov-
erslip was then removed, the section was imbibed in
another fluid with a higher refractive index, and the
retardation measured as before. This process was
repeated through a series of imbibing media with
successively higher refractive indices. The media
used are listed in the table with their refractive indi-
ces (measured by an Abbe refractometer). We were
guided to our choice of imbibing fluids by the work
of Vidal."5 Form birefringence curves were drawn
for each of the samples. The results from the
imbibition analysis were compared by means of t
tests.

Picrosirius red staining
Sections from each of the 23 chordae were stained
with picrosirius red,"6 which is specific for collagen
when used with polarised light.'7 In 7 im sections,
normal type I collagen fibres appear orange or red,
while thinner degraded collagen fibres will appear
yellow or green."8 This stain has previously been
used to demonstrate collagen degradation by bacte-
rial collagenase in sections of cirrhotic liver"9 and by
leucocytes in the cervix during parturition.20 The
sections of chordae tendineae were examined for the
presence of yellow or green fibres.

Whittaker, Boughner, Perkins, Canham
Pathological classification
Sections of the 23 chordae were stained with hae-
matoxylin and eosin and with Movat's pentachrome
stain, which contains alcian blue (pH 29)-a stain
used to demonstrate the presence of proteoglycans.
Each of the haematoxylin and eosin and Movat's
pentachrome stained sections were examined with-
out knowledge of their source by one of us (DGP)
for evidence of proteoglycan infiltration. Each of the
chordae was then classified as being normal or
abnormal on the basis of the presence of
proteoglycan infiltration.

Results

The results from the imbibition analysis were
divided into "normal" and "abnormal" groups
according to the histological classification. The aver-
age form birefringence curve for each group was
then calculated (fig 1). The retardation values for the
normal group were significantly higher than for
those that showed proteoglycan infiltration (p <
0 05). For both curves the minimum retardation
occurred in the pure glycerol solution, correspond-
ing to a refractive index of 1 46, which agrees with
the findings of others on tendon collagen15 21 22 and
also with findings from studies of myocardial scar
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Fig 1 Combinedform birefringence curvesfor collagen
sectionsfrom normal chordae tendineae and those with
proteoglycan infiltration. Where it is large enough the
standard error of the mean is shown.
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Fig 2 The intrinsic birefringence of the collagen from the
normal chordae (group 1) and those showing proteoglycan
infiltration (group 2). Mean (SE) is shownfor both groups.
The intrinsic birefringence was significantly higher
(p < 0001) in the normal tendons.

and arterial collagen.14 We used the minimum
retardation to calculate (equation 1) the intrisic
birefringence of the collagen in each of the chordae
(fig 2). The average intrinsic birefringence of the
abnormal chordae was significantly lower (p <
0001) than that of the normal chordae. Two chordae
showed regions of collagen degradation when
stained with picrosirius red-that is some of the
fibres appeared green when viewed with polarised
light. These regions had been deliberately avoided
in the imbibition analysis measurements. Both of
these chordae also had proteoglycan infiltration.

Figure 3 shows the correlation of the histological
findings with the necropsy and surgical reports. Of
the 16 chordae identified as having no evidence of
proteoglycan infiltration, five were obtained at the
time of replacement surgery and the remaining 11

Histological appearance
(clinical assessment)
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were from necropsy samples. The surgical reports
and the gross pathological descriptions of the sur-
gical specimens from this group showed that three
were from stenotic mitral valves and two were from
valves with features compatible with floppy valves.
Of the seven chordae that showed proteoglycan

infiltration, four were from surgical specimens all of
which had been identified as floppy valves and the
other three were from necropsy specimens. The
pathological report on one of the latter described the
specimen as being a floppy valve.

In summary, collagen in all of the sections with
proteoglycan infiltration had lower intrinsic
birefringence values than sections with no pro-
teoglycan infiltration. This indicates that at the
molecular level collagen in such sections is less
organised than normal.

Discussion

We chose chordae tendineae rather than the mitral
valve leaflets themselves for this study because col-
lagen fibres in the chordae are highly aligned. In
valve leaflets collagen fibre organisation is multi-
directional. Since retardation is dependent on orien-
tation it is difficult to ensure that the true retardation
is measured when the fibres do not lie in the section
plane.

Involvement ofmitral chordae in the myxomatous
process is known to be variable, and the finding of
some normal chordae in patients with floppy valves
is to be expected, especially since we were only able
to obtain a single tendon from each valve. Also,
localised myxomatous change has been found in
otherwise unremarkable valves.2 23
The molecular organisation of the collagen in the

chordae tendineae will influence their mechanical
properties. The imbibition analysis technique was
used to examine that molecular organisation. It is a
well established technique in ultrastructure
research24 and in particular has been used to study
the changes occurring in the molecular organisation
of collagen in the healing and ageing of rat Achilles
tendon.21 25 The significantly lower intrinsic
birefringence values of collagen in the chordae that
showed proteoglycan infiltration indicated less
molecular organisation in these chordae. There are

Source of chordae
14 from necropsy

11 normal 3 abnormal
(1 floppy)

9 from surgery

5 normal 4 abnormal
(3 stenotic) (all floppy)
(2 floppy)

Fig 3 Correlation of the histologicalfindings on the chordae tendineae with the necropsy and surgical reports.
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268 Whittaker, Boughner, Perkins, Canham

several possible explanations for this. Firstly, the
collagen in the abnormal chordae could be imma-
ture. Mello et al have shown that immature collagen
has a lower intrinsic birefringence that normal col-
lagen.25 Thus our results could be interpreted to
mean that the abnormal chordae were composed
entirely of immature collagen. This seems unlikely
because Doillon et al have shown that around 90
days of age maturing collagen attains retardation
values comparable to those of mature collagen.26
This would mean that the abnormal chordae were
composed of collagen less than three months old. It
is difficult to imagine how this situation could occur.
The finding of Cole et al of increased production of
collagen and glycosaminoglycans, plus cell
proliferation in the valve,27 does, however, suggest
that a repair process is occurring. A repair process
might be associated with the presence of immature
collagen and this could be partially responsible for
the lower intrinsic birefringences observed. Imma-
ture collagen is more extensible and weaker than
mature collagen26 28; therefore, its presence might
enable the valve leaflets to prolapse into the atrium.
The second possible explanation is that the altered

intrinsic birefringence was due to collagen
degradation. This would also lead to increased
extensibility and a decrease in the tensile strength.
In vivo such a change could result in increased
chordal strain at any given stress, causing the chor-
dae to lengthen and the valve cusps to prolapse into
the atrium. With extensive collagen degradation,
chordal rupture could occur. Obvious collagen
degradation was seen in only two of the abnormal
samples when they were stained with picrosirius red,
but since this method is dependent on collagen fibre
diameter18 it may not be able to detect the early
stages of degradation.
The third possible explanation, and the one that

appears most plausible, is that the initial degradation
does not involve the collagen per se but rather repre-
sents the removal of ground substance bound to the
collagen fibre. It has been shown that proteoglycans
are bound by collagen fibres in an organised manner,
which contributes to the birefringence.15 22 There-
fore, if the ground substance is removed from the
collagen the intrinsic birefringence would decrease.
The proteoglycan "pools" characteristic of myxo-
matous infiltration could be regions in which the
removed proteoglycans accumulate. Removal of
ground substance bound to the collagen could also
explain the difference in the shape of the form
birefringence curves. The slope of the curve for the
normal chordae was steeper than that for the abnor-
mal chordae. Although further experiments would
be required to determine the importance of these
changes, the shape of the curve for the abnormal

chordae is similar to those reported by Vidal, who
used enzymes to remove bound ground substance
from normal rat Achilles tendons.22 Ground sub-
stance is known to play an important role in the
mechanical properties of tendons.29 Treatment of
human Achilles tendon with a amylase (which
removes structural glycoproteins from collagen) has
been found to cause a substantial reduction (up to
38%) in breaking strength and an increase in exten-
sibility.30 In chordae tendineae, this effect would
allow the chordae to extend and the valve cusps to
prolapse.

In summary, our results indicate that, although
proteoglycan infiltration may not be a specific
marker for floppy valves, its presence is associated
with evidence of degradation of the collagenous
matrix. This finding agrees with the opinion of King
et al2 and suggests that the extent of valvar
involvement in this process is likely to be a major
factor in determining the functional effect. It is yet
to be determined whether it is the collagen itself that
is degraded or whether it is the ground substance
that is removed from the collagen. The polarised
light technique of imbibition analysis provided data
not obtainable by the scanning electron microscopy
studies that have been used to investigate the ultra-
structure of floppy mitral valves.
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