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Introduction

Valvular heart diseases have been, and will continue to
be, important heart diseases. Valvular lesions cause
changes in stiffness. Such changes are thought to corre-
late with the histological state, but this fact has not been
studied objectively. First, the actual values of the stiffness
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of the normal heart valves remain unknown. The human
finger can not evaluate stiffness objectively nor distinguish
several adjacent points of differing stiffness. In this study,
the stiffness of normal and abnormal mitral valve were
measured using a tactile sensor, which can measure the
stiffness of objects reliably just by a touch.1–3) It was in-
vestigated whether the stiffness measured by a tactile sen-
sor represented histological changes and its grades.

Materials and Methods

Tactile sensor
A catheter-type tactile sensor with a small round tip, 2
mm in diameter, was used in this study. It has a piezo-
electric transducer (PZT) and a vibration detector made
of ceramic at its tip. The principles of the sensor4) are
based on the fact that each material has its own resonance
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Background:  Although it is well known that valvular lesions show changes in stiffness, this fact
has not been studied objectively or quantitatively.
Methods:  Using a tactile sensor, stiffness of the mitral valve was measured at 11 autopsies and
19 surgically excised specimens. The relationships between stiffness and histological state were
investigated in 394 points of resected specimens.
Results:  In normal mitral valves, the anterior leaflet was significantly stiffer than the posterior
leaflet in all zones. The rough zone had the least stiffness in both leaflets. Mitral stenotic valves
were significantly stiffer than normal in all zones, the rough zone had the greatest stiffness. The
grade of fibrosis (r=0.862), hyalinosis (r=0.783), and calcification (r=0.464) had positive correla-
tion with the stiffness, respectively. An S score that was composed of these three factors had
strong positive correlation (r=0.935). The regression equation was: stiffness=2.882+2.304×S score
(r2=0.88). With cut-off values of 8 g/cm for severe fibrosis, 10 for focal hyalinosis, 13 for diffuse
hyalinosis, 15 for mild calcification and 18 for massive calcification, these changes were accu-
rately (>90%) detected. The grade of myxoid change had mild negative correlation with the
stiffness (r=–0.507).
Conclusion:  The actual value of stiffness of normal and abnormal mitral valves and the rela-
tionships between stiffness and histological changes were obtained. A tactile sensor promptly
and accurately shows stiffness of the heart valve indicating its histological state. It can be a
useful device for cardiovascular surgery. (Ann Thorac Cardiovasc Surg 2007; 13: 178–184)
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frequency which depends on its stiffness. When PZT vi-
brating at its resonance frequency touches an object, a
shift in the frequency occurs. The value of the shift (∆f)
depends on the stiffness of the object. The vibration de-
tector picks up the shift and sends a signal to the fre-
quency counter (Advantest, Tokyo, Japan). This proce-
dure is processed by a computer, and the ∆f is recorded
(Fig. 1).

As the objects were non-linear living valves, the rela-
tionship between the ∆f and the stiffness was calibrated
employing pellets of gelatin made from porcine and bo-
vine skin. The stiffness of nonlinear material like gelatin
is determined as the compressing weight divided by the
depth of indentation made in it, i.e. g/cm.5) Using a
viscoelastance measurement machine (Axiom, Fukushima,
Japan), sensor probe was put on a gelatin with known
loads, and the depth of indentation and the ∆f were si-
multaneously measured (counter-weight and depression
method5)). Both well correlated with each other. The cali-
bration formula for our tactile sensor was as follows:
Stiffness [g/cm] = 10{(∆f [Hz] + 4,834.946)/3,742.415} (r=0.994)

Measurement of mitral valve stiffness
The influence of temperature on ∆f was evaluated in sev-
eral points of the excised valves by changing the tem-
perature from 37°C to 5°C. ∆f showed no change at any
point (data not shown). Therefore, all measurements were
done at room temperature, and to prevent drying on cot-
ton gauze soaked in saline.

Normal valves: Stiffness was measured in autopsied

specimens obtained from 11 patients (8 male and 3 fe-
male, 67.3±6.6 years of age) who had died of cancer
7.4±3.9 h after death. Both the anterior leaflet (AML)
and the posterior leaflet (PML) were partitioned into three
zones, i.e. rough zone (RZ), clear zone (CZ), and basal
zone (BZ). Points of measurement were about 3 mm apart
from each other, and their number was from 8 to 12 in
each zone of each case. In all cases, the mitral valves
were diagnosed as essentially normal macroscopically and
microscopically.

Diseased valves: The stiffness of 19 AML excised dur-
ing prosthetic valve replacement [degenerative mitral re-
gurgitation (MR) 7, rheumatic mitral stenosis (MS) with
or without regurgitation 12] was measured every 3 mm
apart. The partitioning described above was also used and
the number of measured point was the same. Transverse
subdivisions into three equal lengths was expediently used
for distinction of RZ, CZ, and BZ in rheumatic MS valves,
because the margins of each zone were unclear. Contour-
line graphs of stiffness were drawn.

Histological change and stiffness: The relationship
between histological change and the stiffness was inves-
tigated at 394 points in 19 excised mitral valves. Prior to
formalin fixation, valves were subdivided into compart-
ments of about 3×3 mm using a scalpel, and ∆f of each
compartment was measured. After that, valves were sec-
tioned along the subdivision line, and each compartment
was histologically evaluated without knowing the results
of Df measurement. Hematoxylin–Eosin, Azan–Mallory,
and Elastica–van Giesson stain was performed for each

Fig. 1.  The tactile sensor and the measuring system.
The sensor probe is 2 mm in diameter, and is equipped with a piezoelectric transducer and a vibration detector on its
tip. On touching an object, a shift in the resonance frequency occurs. This output is processed by a computer.
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Normal valves
In all 3 zones, the stiffness of AML was significantly
greater than that of PML (p<0.05 in RZ, p<0.01 in CZ
and BZ). In both leaflets, the stiffness was greatest in BZ,
and least in RZ. The differences between each of the zones
were statistically significant (p<0.01). In this study popu-
lation, age and gender did not show significant correla-
tion with the stiffness in any zone.

Diseased valves
Rheumatic MS valves showed significantly greater stiff-
ness than normal valves and MR valves in all three zones
(p<0.01). The stiffness of each zone was significantly
different (p<0.01). It was greatest in RZ and least in BZ.
This relationship was contrary to that of normal valves.

The stiffness of each zone of degenerative MR valves
did not differ significantly. As compared with normal
valves, it was significantly greater in RZ (p<0.01) and
significantly less in CZ and BZ (p<0.01).

section. The grading of each histological factor is shown
in Table 1. As fibrosis, hyalinosis, and calcification are
not independent of each other especially in rheumatic
valves, we integrated them to devise a new parameter “S
score” (Fig. 2) and also used it in the analyses.

Statistical analyses
Data are shown as mean±standard deviation. The unpaired
Student’s t-test was used to compare the two groups.
Correlation was analyzed with Spearman’s non-
parametrical method. Differences were judged as statis-
tically significant at p<0.05. Multivariate, stepwise, lin-
ear regression analysis was used to identify the determi-
nants of stiffness.

Results

The measured stiffness values are given in Table 2.

Table 1.  The category of each histological change

Fibrosis (–) No proliferation of collagen
(±) Trivial proliferation of collagen without fibrous thickening
(+) Mild fibrous thickening (collagen tissue <50% of thickness)
(2+) Moderate (collagen 50–75%) fibrosis
(3+) Severe (collagen >75%) fibrosis

Hyalinosis (–) No hyalinosis
(+) Focal hyalinosis
(2+) Diffuse hyalinosis

Calcification (–) No calcification
(+) Mild focal calcification
(2+) Massive calcification

Elastosis (–) Elastic fiber absent
(±) Normal amount of elastic fiber
(+) Mild elastosis
(2+) Marked elastosis

Myxoid change (–) Mesenchymal tissue absent
(±) Normal amount of mesenchymal tissue
(+) Mild myxoid change (mesenchymal tissue <50% of thickness)
(2+) Moderate (50–75%) myxoid change
(3+) Severe (>75%) myxoid change

Angiogenesis (–) No neovessels
(+) A few neovessels
(2+) Many neo vessels

Atrial muscle (–) Absent
(+) Present

Each compartment was evaluated as to these factors. “S score” is the most important determi-
nants of the stiffness of the mitral valve. The distribution of stiffness values well correlated
with the grade of S score. Fair values of stiffness that accurately (>90%) represent the histo-
logical state were revealed.
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Fig. 2.  The category of S score.
Fibrosis, hyalinosis, and calcification were integrated to devise one parameter named “S score,” which was
graded from (–) to (7+). a: (–) no fibrosis, no hyalinosis, no calcification (±) trivial increase of collagen
without thickening, no hyalinosis, no calcification. b: (+) mild fibrous thickening, no hyalinosis, no calcifi-
cation. c: (2+) moderate fibrous thickening, no hyalinosis, no calcification. d: (3+) severe fibrous thickening,
no hyalinosis, no calcification. e: (4+) any grade of fibrosis, focal hyalinosis, no calcification. f: (5+) any
grade of fibrosis, diffuse hyalinosis, no calcification. g: (6+) any grade of fibrosis, any grade of hyalinosis,
mild focal calcification. h: (7+) any grade of fibrosis, any grade of hyalinosis, dense calcification.

a  e

b  f

c  g

d  h
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Histological change and the stiffness
Univariate analysis showed that the grade of fibrosis,
hyalinosis and calcification had significant positive cor-
relation, and the grade of myxoid change had a signifi-
cant negative correlation with the stiffness (Table 3). The
mean stiffness values for each grade of these factors were
significantly different. The grade of elastosis and angio-
genesis and the existence of atrial muscle were not sig-
nificantly correlated with the stiffness. Multiple stepwise
regression analysis revealed that the grade of fibrosis,
hyalinosis and calcification were the determinants of the
stiffness. The regression equation was:
Stiffness=3.174+2.060×fibrosis+2.634×hyalinosis+2.625×calcification

(r2=0.869).

When S score was adopted, the regression equation
was:
Stiffness=2.882+2.304×S score (r2=0.88).

that is,

S score=–0.817+0.382×stiffness

The mean stiffness values for each grade of S score were
significantly different (p<0.01) (Table 4). With the cut-
off values of 8 g/cm for severe fibrosis, 10 g/cm for focal
hyalinosis, 13 g/cm for diffuse hyalinosis, 15 g/cm for
mild calcification, and 18 g/cm for massive calcification,
the tactile sensor accurately detected every histological
change. Sensitivity, specificity and accuracy were greater
than 90% for all changes (Fig. 3).

Discussion

Histological examination has been the only method to
evaluate the heart valve tissue objectively, but it requires
time and causes irreversible damage to the objects. By
using a tactile sensor, stiffness of the normal and diseased
valves, and the differences among zones or conditions
were investigated in this study. To the best of our knowl-
edge, this is the first attempt to evaluate the heart valve

Table 2.  Mean stiffness values of each zone of the mitral valve

Rough zone (g/cm) Clear zone (g/cm) Basal zone (g/cm) P between zones

Autopsy
AML 3.80±1.01 5.59±1.48 6.13±1.22 <0.01
PML  3.51±0.97*   4.29±1.07**   5.10±1.77** <0.01

Rheumatic MS (AML)    13.91±3.77**,§§      8.86±4.57**,§§        7.86±3.02**,§§ <0.01
Degenerative MR (AML)   4.79±1.69**   4.40±1.47**   4.92±2.31** N.S.

In normal valves, the stiffness of AML was significantly greater than that of PML. In both leaflets, the stiffness was
greatest in the basal zone, and least in the rough zone. MS valves showed significantly greater stiffness than normal
valves and MR valves in all three zones. The stiffness of MR valves was significantly greater in the rough zones
(p<0.01) and significantly less in the clear and basal zone (p<0.01) than normal valves. *, p<0.05; **, p<0.01 vs.
normal AML; §§, p<0.01 vs. MR valves. AML, anterior mitral leaflet; PML, posterior mitral leaflet; MS, mitral
stenosis; MR, mitral regurgitation.

Table 3.  The stiffness and each histological category

r p

Fibrosis 0.862 <0.0001
Hyalinosis 0.783 <0.0001
Calcification 0.464 <0.001
Elastosis 0.058 N.S.
Myxoid change  –0.507 <0.0001
Angiogenesis  –0.041 N.S.
Atrial muscle  –0.082 N.S.
S score 0.935 <0.0001

The grade of fibrosis, hyalinosis, calcification, and myxoid change
caused significant intergroup differences. These histological
changes had significant correlation with the stiffness values. **,
p<0.01 among groups; r, correlation coefficient.

Table 4.  Mean stiffness values of each grade of “S score”

S score (g/cm) r

(–) No fibrosis   3.33±0.75** 0.935
(±) Trivial fibrosis   4.47±1.80**
(+) Mild fibrosis   5.16±1.77**
(2+) Moderate fibrosis   6.99±1.78**
(3+) Severe fibrosis   9.23±1.88**
(4+) Focal hyalinosis 12.06±1.76**
(5+) Diffuse hyalinosis 14.72±1.16**
(6+) Focal calcification 16.73±0.84**
(7+) Massive calcification 20.84±3.60**

The grade of “S score” showed quite close correlation with the
stiffness value. The correlation coefficient was 0.935. **, p<0.01
among groups; r, correlation coefficient.
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objectively, promptly, and without any substantial effect
to the objects. These features are indispensable for the
method of evaluation that is applicable during cardiovas-
cular surgery.

In the normal mitral valves, the stiffness was least in
RZ in both leaflets, probably because the pars spongiosa
is rich in RZ. This result also coincides with results of a
study using acoustic microscopy.6) In both rheumatic and
degenerative valves, RZ showed the greatest change in
stiffness and was proved to be the main locus of affec-
tion.

The close relationship between the stiffness and histo-
logical condition, the regression equation, and fair stiff-
ness values that indicate the histological states of the valve
were revealed. The tactile sensor thus permits displaying
the stiffness and grading the histological state of target
areas promptly and accurately just by a touch.

This can be valuable because there will be some situa-
tions in which heart valves must be evaluated objectively
in cardiovascular surgery such as in operations that spare
the native valve. The quality of the valve, as well as mor-
phology and function, is very important in such opera-
tions, because spared valves are not always normal and
some initially successful cases require reoperation.7,8) In
some cases, focal pathological changes in the valve, es-
pecially sclerotic change, preclude successful valvulo-
plasty.9,10) Stiffness may have great importance for early

and late results of valvuloplasty for stenotic valves. The
tactile sensor can contribute to successful valvuloplasty
operations by providing objective information on the
valve. Another experimental study revealed that the tac-
tile sensor was useful for the evaluation of effects of ul-
trasonic debridement of sclerotic valvular lesions.

Another application is in minimally invasive valvular
surgery. Surgeons may touch the valve very lightly or not
at all. Tactility is very important in valvular surgery and
will have to be substituted by devices, especially when
minimal or remote access technique is used.11,12)

The tactile sensor can thus be clinically useful for evalu-
ation of the histological condition of the heart valve in
various settings.

Limitation of the study
Our tactile sensor is very sensitive to firm materials. When
the measured object is quite inhomogenous and very firm
tissue is in front, the value of ∆f is highly dependent on
that part, and soft parts behind it are missed. Therefore,
∆f of very thick and possibly inhomogenous objects can
be inaccurate.

Because PML is usually preserved during mitral valve
replacement in our institution, the stiffness of abnormal
PML could not be obtained. Only leaflets were investi-
gated in the present study, but chordae are also very im-
portant for successful valvuloplasty. The objective evalu-

Fig. 3.  The regression graph of the stiffness and the grade of S score.
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ation of chordae should be attempted by further study.
The stiffness of the normal mitral valve was measured in
only aged persons, and the number of specimens were
small. The influences of age and gender on the stiffness
need to be determined in a large study population includ-
ing younger people.

Conclusion

The stiffness of normal and diseased mitral valves was
revealed using a tactile sensor. The stiffness accurately
reflects histopathological changes of the valve. The tac-
tile sensor can be a valuable device in the field of cardiac
surgery.
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