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Abstract  Background. The outlet struts of Bjérk—Shi-
ley convexo-concave heart valves can occasionally frac-
ture. By December 31, 1994, 564 complete strut fractures
had been reported to the manufacturer, approximately
two thirds of which were fatal. There are no reliable diag-
nostic methods to detect valves that may be at risk for
strut fracture. The outlet strut has two legs, and one leg
often appears to break before the other, potentially per-
mitting detection of the single-leg separation while the
valve is still functionally intact.

Methods. We used high-resolution cineradiography
and defined valve profiles to evaluate 315 patients select-
ed on the basis of their having mitral convexo-concave
valves with an estimated fracture rate of 0.46 percent or
higher per year. Two examinations were scheduled six
months apart, with early reimaging performed when initial
ratings were indeterminate.

Results. Three patients had unsatisfactory studies,

URGICAL replacement of malfunctioning aortic
and mitral valves has dramatically improved the
prognosis for patients with valvular heart disease,' de-
spite the complications of infection,? thrombosis,’ para-
valvular incompetence,! and thromboembolism.> The
search for a hemodynamically superior device posing a
diminished risk of thromboembolism led to the inven-
tion of the Bjérk—Shiley tilting-disk valve.*” Refine-
ments in its design resulted in the convexo-concave
model.? Between 1979 and 1986, approximately 86,000
Bjork—Shiley convexo-concave valves were implanted
worldwide.® Shortly after this model was introduced,
the first sudden failures of the device were reported to
the manufacturer.'” An extensive retrospective review
of failed valves that were removed and returned has
been undertaken by the manufacturer. It has been de-
termined that valves made between 1978 and 1984 are
at risk of fracture of the outlet strut, with disk embo-
lization and sudden massive valvular incompetence.
The risk of strut fracture is increased for valves 29 mm
in diameter or larger welded between January 1981 and
June 1982. In April 1984, there was a change in quality-
control procedures, and no outlet-strut fractures have
been reported in valves welded after March 31, 1984.
Because of the reported failures and adverse publicity,
Shiley Incorporated voluntarily stopped manufacturing
this device in 1986.
Opverall, the convexo-concave valve has functioned
very well, being associated with a 12-year actuarial sur-
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the most recent examinations in 277 patients were rated
as apparently normal, 23 had findings considered mini-
mally suspicious, and 1 had findings termed suspicious.
The number of false negative results in this study group
is unknown. Eleven cineradiograms were rated as show-
ing probable or definite single-leg separations. All five
“definite” ratings and five of the six “probable” ratings
were confirmed by removal of the valves. One valve with
a “probable” rating was intact. Two complete outlet-strut
fractures occurred three and seven months after ap-
parently normal radiographic examinations. Unsuspected
new positive findings were not found at six months among
288 patients who completed the examination cycle.

Conclusions. Cineradiographic imaging can detect some
single-leg separations in mitral convexo-concave valves
and may help the estimated 47,000 patients with these
valves worldwide and their physicians decide about elec-
tive valve removal. (N Engl J Med 1995;333:414-9.)

vival rate of 52 percent and longer reoperation-free sur-
vival than for porcine bioprostheses.!! Since patients
with structurally intact valves do well and elective re-
moval is associated with an operative mortality rate of
3 to 5 percent,'*”® prophylactic removal of all these
valves has not been recommended.!*" Although com-
plete strut fracture is uncommon (564 cases had been
reported to Shiley as of December 31, 1994), the out-
come is usually catastrophic, with a 67 percent mortal-
ity rate. We report a new cineradiographic imaging
technique that has detected separations of a single leg
of the outlet-retaining strut before outlet-strut fracture,
allowing the prophylactic elective removal of valves in
11 patients.

METHODS

Patient Selection

We studied patients with mitral convexo-concave valves 29 mm or
more in diameter that had an estimated risk of strut fracture of at
least 0.46 percent per year.!® A total of 315 patients from North
America were recruited from a pool of 2200 patients with valves with
these characteristics. Patients were identified and contacted through
a registry maintained by Medic Alert Foundation International. The
study was approved by the William Beaumont Hospital Human In-
vestigation Committee, and all the study patients gave written in-
formed consent.

Valve Profiles

The convexo-concave valve is shown in Figure 1A. Radiographs
made with the valve inclined 30 degrees from the horizontal surface
of the flange (Fig. 1B) show the larger inlet strut, which is integral
with the flange, the smaller two-leg outlet strut that is welded to the
flange, and the radiopaque marker in the pyrolytic carbon disk.!® Sin-
gle-leg separations usually occur at the base of the outlet-strut legs
near the point of interception with the flange. When the en face view
is symmetrically oriented, the two “elbows” of the outlet strut appear
to be superimposed over the inlet strut, trisecting its straight portion
into segments of roughly equal length (Fig. 1B). This profile is rem-
iniscent of the tunnel-view radiograph used to assess the knee joint
and has become known as the “tunnel view” of the convexo-concave
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Figure 1. Convexo-Concave Valve.
Panel A shows the valve components, and Panel B the radiographic appearance of the tunnel-view profile.

valve. It offers the best opportunity to view the bases of both outlet-
strut legs. Figure 2 shows a typical single-leg separation as seen by
scanning electron microscopy. Although the break is complete, the
broken surfaces are usually left in contact with each other. In most
instances, residual stress in the strut results in displacement at the
break site, causing an offset as seen in the figure. This offset appears
to be at least as important in radiographic detection of separation as
the partial gap in the metal at the break site. The offset may not nec-
essarily be clearly visible by the tunnel view, because the displace-
ment can be in line with the path of the x-ray beam. Therefore, it is

Left outlet, outflow

A
'

Left outlet, inflow

C

necessary to obtain a second view of each leg base that is as nearly
at a right angle to the tunnel view as possible (Fig. 3).

Radiographic-lmage Validation

Valves removed for reasons other than structural failure or radio-
graphic detection of separation and returned to Shiley were analyzed.
As of August 15, 1994, separation of one leg of the outlet strut from
the flange was noted in 33 of 271 valves known to Shiley not to have
failed, exclusive of those accruing from radiographic detection of sep-
aration. In addition, 149 of 155 valves with complete strut fracture

Right outlet, outflow

Right outlet, inflow

D

Figure 2. Single-Leg Separation in Left-Outlet Strut.
Note the continuing contact at the break site during outflow (Panel A) and inflow (Panel C) and the displacement (offset) from the
base. Panels B and D show the intact right-outlet strut. (Scanning electron photomicrographs, X60.)
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Figure 3. Definite Single-Leg Separation (Arrows).

Cineradiographs show a tunnel view (Panel A) and an external
obligue view (Panel B).
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each had a fresh fracture of one leg with wear-related burnishing of
the other leg. These findings suggest that complete strut fracture was
preceded by single-leg separation in the majority of valve failures.
Thus, it was postulated that cineradiographic imaging might detect
separations in patients with otherwise apparently intact valves.

Before clinical testing, cineradiography was performed on 25 con-
vexo-concave valves, 14 of which had intentionally manufactured
single-leg separations. Imaging was performed with a Hicor Corosk-
op (Siemens, Erlangen, Germany) cineangiographic system. Valves
were placed in a pulsatile left ventricular assist device and imaged
through 22 cm of water to simulate tissue absorption. Six experi-
enced angiographers reviewed the cineradiographs blindly, and a re-
ceiver-operator-characteristic curve was constructed. The cineradio-
graphs were graded on the basis of visual inspection on a scale of
0 to 5. Grade 0 indicated suboptimal imaging due to poor penetra-
tion or inadequate positioning of the valve; grade 1, an apparently
normal valve; grade 2, minimal suspicion of a separation on the basis
of a radiolucency in one outlet-strut leg detected in one or two cine
frames in one view only; grade 3, suspicion of a separation on the ba-
sis of radiolucency in several cine frames in one view only, or one or
two frames in two views; grade 4, a probable separation, with radi-
olucency consistently appearing in multiple frames in one view or
several frames in two views; and grade 5, a definite separation, with
radiolucency in several frames in two or more views, or a linear dis-
continuity of the strut with the strut in an oblique view. The six re-
viewers were asked to grade the cineradiographs with the assump-
tion that there was a 50-to-1 ratio of intact to separated valves
present. Furthermore, the reviewers assigned grades with the under-
standing that grades 4 and 5 would elicit the recommendation that
a normally functioning valve be removed. The reviewers gave grades
of 2 or greater to one intact valve, and they missed one separated
valve (specificity, 0.93; sensitivity, 0.93). Grades of 3 or greater had
a specificity of 1.0, with sensitivities of 0.90 at grade 3, 0.85 at grade
4, and 0.61 at grade 5.

In the clinical study, one of three of us graded each magnified dig-
ital image and cineradiograph. An expert panel of one cardiac radi-
ologist and five cardiologists independently performed a blinded re-
view of the cineradiographs. If the on-site review was normal and the
mean score of the panel was less than 1.5, the patient was asked to
return for an examination in six months. Patients whose images had
indeterminate grades (2 or 3) or panel scores of 1.5 or higher each
had one or more additional, earlier examinations, typically at one to
three months, with the score for the last of those examinations used
as the definitive initial grade.

Radiographic-Imaging Technique

Before patient imaging was begun, line-pair resolution of at least
3.7 line pairs per millimeter through a DIN Normi phantom (PTW,
Freiburg, Germany) was required. Radiographic images were typi-
cally acquired with pulse widths of 6.4 msec at 15 or 30 frames per
second for 3 to 5 seconds. The automatic brightness control allowed
the current in the x-ray tube to vary between 10 and 100 mA, with
the x-ray—tube potential usually kept above 80 kV. An x-ray—tube fo-
cal spot with a nominal size of 0.8 mm was used. Fluoroscopic imag-
ing of the mitral valve yielded an initial tunnel view. Orthogonal
views were then obtained with a gantry-positioning program devel-
oped by one of us. Radiation exposure was measured with an area-
exposure product meter (Diamentor, model M2, PTW)."

Statistical Analysis

A two-tailed Fisher’s exact test was used to compare binomial pro-
portions. The Kruskal-Wallis test,”® a nonparametric analogue of
analysis of variance, was used to examine differences in rank location
for multiple groups, and the kappa statistic to assess correspondence
in ranking. The method advocated by Fleiss!'” was used to determine
confidence intervals for sensitivity, specificity, and predictive accuracy.
A nominal alpha level of 0.05 was employed for all hypothesis testing.

RESULTS

Clinical testing began August 21, 1992, and 315 pa-
tients had initial examinations by February 15, 1994.
Two hundred eighty-eight patients completed their fi-
nal, six-month examinations. The patient cohort com-
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prised 139 men and 176 women, ranging in age from
21 to 80 years, with a mean (£SD) age of 60.9%11.4
years. There were 139 patients 60 years of age or young-
er. The mean weight was 72*15 kg, and the mean
height was 170%15 cm. The mean duration of valve
implantation was 11.6+£0.78 years. Valve sizes and the
estimated risks of fracture are shown in Table 1.

Cineradiographic Assessment

Technically acceptable images were initially obtained
for 312 patients (99 percent). Initial examinations were
repeated in 62 patients (67 examinations) because of
indeterminate grades or expert-panel grade averages
greater than 1.5. The definitive radiographic ratings for
the initial examination were grade 5 in 5 patients,
grade 4 in 4 patients, grade 3 in 4 patients, grade 2 in
13 patients, grade 1 in 287 patients, and grade 0 in
2 patients. Twenty-seven patients did not have a six-
month reexamination because they died (6) or were un-
willing to return (7) or because their valves were re-
moved (13) or we were technically unable to image the
valve (1).

The six-month images were rated as grade 4 in 2 pa-
tients, grade 2 in 21 patients, grade 1 in 264 patients,
and grade 0 in 1 patient. Importantly, no new definite
separations were noted on six-month reexamination,
and only one patient had a variation in grading of more
than one grade (Table 2). The only meaningful increas-
es in grade at six months involved two patients who
progressed from grade 3 on the initial examination to
grade 4. When six-month scores and initial-examina-
tion scores (for those who did not complete the six-
month study) were considered, the totals were grade 5
in 5 patients, grade 4 in 6 patients, grade 3 in 1 patient,
grade 2 in 23 patients, grade 1 in 277 patients, and
grade 0 in 3 patients. Thus, the prevalence of separa-
tions was 3.5 percent.

To determine whether outside observers could also
detect single-leg separations, the expert panel conduct-
ed blinded reviews of 371 of the 670 examinations. The
panel was less adept at detecting abnormal valves than
the initial graders, who had the benefit of clinical infor-
mation and immediate review of magnified high-reso-
lution digital images as well as the cine images. Mean
panel scores were less than grade 4 for 9 of the 10 con-
firmed single-leg separations. The kappa statistics were
0.20 for agreement between the panel’s ratings and the
on-site ratings and 0.19 for agreement between mem-
bers of the panel.

Clinical Course

On the basis of actuarial data,'® a cumulative prob-
ability of fracture of 0.99 percent per year (range, 0.22
to 2.52 percent) was expected. Given the 1.5-year fol-
low-up period, five strut fractures should have occurred.
There were only two confirmed strut fractures. Both
were fatal. The first occurred in a 68-year-old woman
three months after an apparently normal cineradio-
graphic examination. A chest film obtained with porta-
ble equipment confirmed strut fracture with disk embo-
lization (Fig. 4). Permission for an autopsy was denied.
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Table 1. Estimated Fracture Rate According to
Structural Characteristics of the Valves.*

ESTIMATED SIZE OF OPENING WELDING No. oF
FRACTURE RATE ~ VALVE ANGLE DATEST PATIENTS
Jolyr mm degrees
2.52 33 60 7/81-6/82 20
2.25 31 70 NC 1
1.46 33 60 1/81-6/81 14
1.36 33 70 NC 1
1.33 29 70 NC 2
1.24 31 60 7/81-6/82 78
1.08 33 60 Before 1/80; 4
8/82-3/84
0.82 31 60 1/81-6/81 51
0.74 29 60 7/81-6/82 107
0.46 29 60 1/81-6/81 31
0.46 31 60 Before 1/80; 5
8/82-3/84
0.22% 29 60 Before 1/80; 1
8/82-3/84

*The estimated fracture rate was based on valve size, opening angle, and
welding dates."

+Welding dates are the dates on which the valves were welded in the fac-
tory. NC denotes not classified.

$The patient whose valve had this fracture rate was screened because of
an incorrect initial report of the welding date.

The second fracture occurred in a 61-year-old man
with two serial, apparently normal cineradiographic ex-
aminations. The strut fractured seven months after his
last examination. Microscopical study of the valve re-
vealed one fresh and one wear-burnished break.

Twelve other patients died during follow-up. Five of
these died after protracted illnesses presumably unre-
lated to strut fracture. Three patients whose cineradio-
graphs were rated as normal had intact valves con-
firmed at autopsy. Three postoperative deaths were
reported, one in a 66-year-old man who underwent pro-
phylactic valve replacement because of a grade 4 rating
on cineradiographic examination. Finally, one patient
with New York Hospital Association class III disease
died suddenly, and there was no autopsy or postmortem
chest radiography.

Validation of Cineradiographic Findings

Cineradiographic findings were confirmed by physi-
cal inspection of valves removed at surgery or autopsy
in 21 patients (Table 3). Validation was possible in all
patients with examinations rated grade 4 or 5, because
they had elective surgical removal of the valves. Valida-
tion of examinations with lower ratings occurred in

Table 2. Findings of Six-Month Examinations Ac-
cording to Initial or Early-Reexamination Grades.

INITIAL OR EARLY-
REEXAMINATION
GRADE S1X-MONTH GRADE

0 1 2 3 4 5

no. of patients

1 1 255 18— — —
2 — 8 30— = =
3 — 1 - =  J—
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only the 10 patients with valves that became available
for physical inspection. All were intact. Since the num-
ber of true negative and false negative examinations
could not be determined, values had to be imputed to
estimate the confidence intervals of sensitivity, specific-
ity, and positive predictive accuracy. For this analysis,
it was assumed that the two patients with known strut
fractures had false negative examinations. Using the
method advocated by Fleiss,' we determined that the
apparent sensitivity of radiographic detection of single-
leg separation was 0.833 (95 percent confidence inter-
val, 0.509 to 0.971), the specificity was 0.997 (0.979 to
1.00), the positive predictive accuracy was 0.909, and
the negative predictive accuracy was 0.99 (0.978 to
0.997).

Radiation Exposure

With the exclusion of data on the first two patients,
whose examinations were performed before the image
intensifier locator program was fully developed, the
area-exposure product was 15212582 c¢Gy per square
centimeter for the 90 double-valve examinations and
818527 cGy per square centimeter for the 580 single-
valve examinations. Exposure for all patients was with-
in the lower range reported for angiocardiographic im-
aging in circumstances in which the operators were
unaware that radiation was being measured.?

Di1SCUSSION

Until now, only epidemiologic data have been avail-
able to stratify the risk of outlet-strut fracture in pa-
tients with functioning convexo-concave valves. The
probability of strut fracture was increased when the oc-
cluder disk had an opening angle of 70 degrees, the
valve was larger, the valve was implanted in the mitral
position, and the patient was less than 50 years old at

Figure 4. Chest Radiograph Obtained with Portable Equipment in One of the Patients
with Outlet-Strut Fractures.

The strut is floating near the valve flange but has completely fractured. The disk (ar-
row) has embolized to the aortic arch. In appropriate circumstances, this single view
is sufficiently diagnostic to warrant immediate cardiac surgery.

Aug. 17, 1995

Table 3. Radiographs with Verified Findings as of
August 15, 1994.*

No.  VALVE GRADE  VALVE STATUS Gap OFFSET
wm
1 1 Intact — —
2 1 Intact — —
3 4 Intact — —
4% 1 Intact — —
5 3 Intact — —
67 1 Intact — —
7 1 Intact — —
8 2 Intact — —
9 2 Intact — —
10 1 Intact — —
11+ 1 Intact — —
12 5 Separated =0 132
13 5 Separated =0 141
14 5 Separated =0 210
15 4 Separated =0 90
16 5 Separated =0 37
17 4 Separated =0 159
18 5 Separated 4 165
19 4 Separated =0 90
20 4 Separated NA NA
21 4 Separated =0 133

*NA denotes not available.
fData were obtained at autopsy.

the time of implantation.!*!>?422 Although prophylactic
removal has not been recommended for all convexo-
concave valves,'»??! it has been recommended for pa-
tients in higher risk categories.?! In accordance with
this recommendation, de Mol et al.?> removed 23 high-
risk valves, 69 percent of which turned out to be struc-
turally intact.

Analysis of the valves returned to Shiley, independ-
ent metallurgical analysis by Sacks
et al.,” and physical examination
of prophylactically removed, func-
tionally intact valves in the study
by de Mol et al.?’ suggest that strut
fracture is preceded by single-leg
separation. Ibarra et al.?’ first sug-
gested that 45-degree and 70-degree
left anterior oblique chest radio-
graphs might detect separations. Ad-
vances in imaging techniques, in-
cluding the use of cineradiography,
have now made it possible to detect
some separations, as demonstrated
in this report.

Although the risk of strut fracture
is not entirely eliminated by cinera-
diographic screening, it can be re-
duced. Actuarial data suggest that
five strut fractures should have oc-
curred in this cohort. This type of
analysis, however, may underesti-
mate risk because of passive under-
reporting.?’?* Had all documented
separations progressed to strut frac-
ture, there would have been 12 frac-
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tures. There were only two. The apparent reduction in
the risk of strut fracture occurred at the expense of
valve removal in 11 patients (3 percent) and 1 late post-
operative death (0.3 percent). It is encouraging that un-
necessary surgery was performed in only one patient.

Even with careful cineradiographic screening, there
were two fatal strut fractures, demonstrating that screen-
ing has not totally eliminated the problem. Visual im-
age assessment has wide interobserver variability. For
valve separations to be accurately identified, extensive
training in the interpretation of images is required. The
necessary expertise will be most readily available at
regional referral centers. Algorithms for quantitative
computer assessment must be developed to decrease var-
iability.

Cineradiographic imaging of mitral convexo-con-
cave valves may have clinical value. With proper train-
ing, imaging of mitral-valve struts can be accomplished
in 99 percent of patients. The technique appears to
be reproducible, since 258 of 288 grades (90 percent)
were the same on serial examinations six months apart.
There is great certainty about grade 5 assessments when
radiolucency or offset or both are present consistently
in two or more views. All valves with this grade were
found to be abnormal when removed. Conversely, strut
fracture did not occur during the two-year study period
in 275 of 277 patients with grade 1 examinations.
Grade 4 examinations are cause for concern, since five
of six grade 4 examinations with corroboration on re-
moval were abnormal. There is less certainty about
grade 2 and grade 3 examinations, since too few pa-
tients have had valve removal to verify the radiographic
findings. This screening method may help the estimat-
ed 47,000 patients with these valves worldwide and
their doctors decide about elective valve removal.

We are indebted to Ms. Margaret Calhoun, Ms. Sandra Klovski,
and Ms. Nanette Shallcross for secretarial assistance; to Mr. Harmen
Leyenaar for his technical work in preparing this report; and to Sie-
mens Inc. for excellent support in image acquisition and quality as-
surance.
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