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Noninferiority of Closely Monitored Mechanical
Valves to Bioprostheses Overshadowed by Early
Mortality Benefit in Younger Patients
Vinay Badhwar, MD, John C. Ofenloch, MD, Joshua D. Rovin, MD,
Hugh M. van Gelder, MD, and Jeffrey P. Jacobs, MD
Cardiac Surgical Associate of Florida, St. Petersburg, Florida

Background. Confidence in bioprosthetic durability
without anticoagulation has led to a contemporary trend
of offering tissue valves to younger patients. Close mon-
itoring of mechanical valve patients at lower interna-
tional normalized ratio (INR) thresholds may reduce
anticoagulation morbidity. We prospectively compared
results of bioprostheses (BP) and a bileaflet mechanical
prosthesis (MP) monitored at low INR thresholds.

Methods. Patients received an isolated Carpentier-Ed-
wards bovine or Medtronic porcine BP or the On-X MP.
INR targets were 2.0 for MP recipients undergoing aortic
valve replacement and 2.5 for mitral valve replacement,
using point-of-care home monitoring. Operations consec-
utively performed between September 2003 and August
2007 were propensity matched using logistic regression
by preoperative covariates of age, sex, valve position,
New York Heart Association class, ejection fraction,
atrial fibrillation, and creatinine.

Results. Of 469 operations consecutively performed,
172 patients were matched for analysis. Mean age was

56.2 ! 9.6 years (range, 24 to 72 years). Median follow-up
was 4.0 years (total follow-up, 667.0 patient-years). No
late bleeding events occurred. The thromboembolic com-
plication rates per patient-year were 0.77% for MP and
0.78% for BP (p " 0.67). There were 9 BP deaths vs 4 MP
(2.35% vs 1.41%/patient-year; BP hazard ratio, 0.60; 95%
confidence interval, 0.13 to 2.15). Postoperative linearized
mortality benefit of MP was observed as early as 5 years,
reaching significance at 7.5 years (p " 0.04).

Conclusions: Patients aged 65 years or younger with
MP and closely monitored anticoagulation display non-
inferiority to BP from bleeding and thromboembolic
complications. MP valves begin to confer mortality ben-
efit over BP as early as 7.5 years postoperatively. Because
this predates the timeline of typical structural valve
degeneration, equipoise is suggested when choosing a
BP in a young patient with future expectations of valve-
in-valve intervention.

(Ann Thorac Surg 2012;93:748–53)
© 2012 by The Society of Thoracic Surgeons

Historical reference to poor outcomes with anticoag-
ulation after mechanical valve implantation com-

bined with excellent durability reports with bioprosthe-
ses (BP) have resulted in a contemporary trend toward BP
becoming the valve of choice of surgeons around the
globe [1]. Recently, point-of-care home testing and lower
international normalized ratio (INR) targets have re-
sulted in marked morbidity reduction and improved
outcomes after mechanical valve implantation [2–4].
Moreover, there have been increasing questions on the
validity of BP implantation in patients aged 65 years and
younger based on survival concerns, while good long-
term survival of mechanical valve recipients are reported
in the same age group [5–7]. Controversy remains, as
some continue to provide evidence for the safe use of BPs
in patients at lower age ranges [8–11]. Several studies on
both sides of the controversy involve case-matched com-

parisons or longitudinal follow-up of heterogeneous
populations and earlier-generation prostheses.

This first objective of this study was to determine the
feasibility and efficacy of point-of-care home monitoring
managed by a single multiinstitutional surgical practice
targeting the lowest INR thresholds of guideline recom-
mendations for mechanical valves [12, 13]. The second
objective was to prospectively monitor first-time isolated
aortic valve replacement (AVR) or mitral valve replace-
ment (MVR) recipients of a bileaflet mechanical prosthe-
sis (MP) or a contemporary BP and compare their out-
come by means of a propensity-matched analysis.

Patients and Methods

The study analyzed 469 consecutive primary isolated
left-heart prosthetic valve replacement operations per-
formed by one surgical practice in 4 centers between
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September 1, 2003, and August 31, 2007. Institutional
Review Board approval was obtained for anonymous
analysis with additional patient consent waived. Data
were drawn from our prospective database.

Surgical Technique
All patients underwent primary cardiac operations per-
formed through a median sternotomy. Valve choice was
left to surgeon preference and was not predetermined or
randomized as part of this study. The BP patients received
a Carpentier-Edwards Perimount bovine pericardial pros-
thesis (Edwards Lifesciences, Irvine, CA) or a Medtronic
Mosaic porcine prosthesis (Medtronic, Minneapolis, MN).
MP patients received an On-X bi-leaflet mechanical pros-
thesis (On-X Life Technologies, Austin, TX).

Postoperative Anticoagulation Management
All BP patients were managed on oral enteric-coated
acetylsalicylic acid as their primary anticoagulation. All
MP patients received oral warfarin sodium therapy plus
81 mg of acetylsalicylic acid. All MP patients received a
home monitoring point-of-care-testing device (ProTime
Microcoagulation System, International Technidyne Cor-
poration, Edison, NJ), and their anticoagulation was man-
aged by our surgical practice, with a target INR of 2.0 for
AVR recipients and 2.5 for MVR recipients.

Follow-Up and Data Collection
Follow-up information on all patients was collected
through direct outpatient office visits or telephone con-
tact with the patient or the referring physician. The vital
status of each patient was checked using the Social
Security Death Index. Recording of outcome data and
prosthesis-related complications strictly adhered to def-
initions set forth by American Association for Thoracic
Surgery/Society of Thoracic Surgeons/European Associ-
ation for Cardio-thoracic Surgery guidelines for report-
ing mortality and morbidity after cardiac valve interven-
tions [14].

Exclusion
To avoid undue bias against BP implantation, patients
who had a limited 5-year survival based on comorbidity
assessment by the implanting surgeon were excluded
from analysis.

Statistical Analysis
Continuous variables are expressed as mean ! standard
deviation or median and categoric variables are shown as
proportions. Comparisons were made using Wilcoxon
rank sum tests, F tests, and "2 tests as appropriate.

Propensity matching between BP and MP groups was
performed using logistic regression based on the preop-
erative covariates of age, sex, valve position, New York
Heart Association (NYHA) class, ejection fraction, atrial
fibrillation, and serum creatinine. For further propensity
analysis, these patients were divided into groups balanc-
ing each of these covariates as propensity score classes. A
Cox proportional hazards model stratified on propensity
score classes was used to calculate adjusted hazard ratios

for death [15]. To avoid selection bias between BP and
MP, separate partial likelihoods were formed within each
of the propensity score classes, thus permitting different
baseline hazards within each class, such that the hazard
ratio between BP and MP remained constant across the
classes. Mortality, as a function of time, was also de-
scribed using the Kaplan-Meier product-limit methodol-
ogy with log-rank comparisons for significance [16]. Pa-
tient-years were used evenly and iteratively to both
groups maintaining current event rates, and linear pro-
jections of survival were made on both the propensity
and life-table analyses using the constant mortality rate
assumption for valve outcome reporting [14, 17–20].

Statistical analyses were performed with Stata/MP
software (Stata Corp LP, College Station, TX) for propen-
sity analyses and MedCalc 11.3 software (MedCalc Soft-
ware, Mariakerke, Belgium) for other analyses. A p value
of less than 0.05 was considered significant.

Results

Of the 469 isolated primary AVR or MVR recipients, 172
patients (69 MP and 103 BP) were propensity matched for
analysis (Table 1). Because all patients were matched by
their propensity score for the probability of receiving a
MP or BP, the difference in group size did not affect the
subsequent analyses. Patients were a mean age of 56.2 !
9.6 years (range, 24 to 72 years). Follow-up was 97%
complete, with 5 patients lost to follow-up. Median
follow-up was 4.0 years (mean, 3.9 ! 1.7 years). Total
follow-up was 667.0 patient-years.

Concomitant coronary artery bypass grafting (CABG)
was performed in 7 MP patients and 1 BP patient, and
none of these 8 patients died during follow-up. A higher
overall incidence of preoperative atrial fibrillation and
MVR was documented in the MP cohort. Although no
thromboembolic events or deaths occurred in the 24
patients with preoperative atrial fibrillation, concomitant
Maze procedures were performed in 9 of 18 in the MP
group but in 0 of 6 BP group patients. No additional

Table 1. Propensity-Matched Groups by Preoperative
Covariates

Covariatea

MP BP
p Value(n # 69) (n # 103)

Age, years 52.7 ! 9.8 58.6 ! 8.8 $0.01
Male sex, n (%) 36 (52.3) 56 (54.4) 0.91
Mitral position, n (%) 38 (55.1) 17 (16.5) $0.01
NYHA class III/IV, n (%) 38 (55.1) 58 (56.3) 0.99
Ejection fraction (%) 56.6 ! 13.1 55.3 ! 12.3 0.51
Atrial fibrillation, n (%) 18 (26.1) 6 (5.8) $0.01
Creatinine, mg/dL 1.1 ! 0.4 1.2 ! 0.8 0.34
CABG, n (%) 7 (10.1) 1 (1.0) 0.02

a Continuous data are reported as mean ! standard deviation and
categoric data as number (%).

BP # bioprosthetic valve; CABG # coronary artery bypass graft-
ing; MP # mechanical prosthetic valve; NYHA # New York Heart
Association.
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concomitant cardiac procedures were performed. The
matching characteristics were not changed when the
subgroup of those aged 65 years and younger were
examined (Table 2).

Our practice oversaw 7,551 INR measurements from
the MP group during follow-up. Despite the target of 2.0
for AVR and 2.5 for MVR, the INR measurements during
the total follow-up period were 2.41 ! 0.63 (range, 0.8 to
7.8) for AVR patients and 2.40 ! 0.64 (range, 0.8 to 7.9) for
MVR. The largest variance from target INR values were
noted in the first 60 days postoperatively (83% more
variance from target set point) compared with the rest of
the follow-up (p $ 0.01; Fig 1).

No late bleeding events were noted. The groups had a
similar incidence of early and late major adverse events
(Table 3). The composite end point of thrombosis, embo-
lism, and bleeding reflective of the total hazard of throm-
bogenicity and anticoagulation yielded similar results
between MP and BP (0.77% and 0.78%/patient-year, re-
spectively; p # 0.67). One closely monitored but noncom-
pliant MP patient intentionally ingested an overdose of
vitamin K supplement as a means of attempting suicide,

which indeed resulted in valve thrombosis and was the
only case in this cohort of documented valve-related
death.

Total late mortality was higher in the BP group. There
were 9 BP deaths vs 4 MP (2.35% vs 1.41%patient-year,
respectively). Causes of BP deaths were new-onset lung
carcinoma over 2 years postoperatively in 2 patients, late
complications of sepsis in 2, and an unknown cause in 5.
Causes of MP deaths were suicide, as noted, in 1 patient,
and an unknown cause in 3. The Cox model from the
stratified propensity classes showed the MP group had a

Table 2. Propensity-Matched Groups by Preoperative
Covariates for Patients Aged 65 Years and Younger

Covariatea

MP BP
p Value(n # 62) (n # 80)

Age, years 51.1 ! 9.1 56.0 ! 8.3 $0.01
Male sex, n (%) 31 (50.0) 47 (58.8) 0.38
Mitral position, n (%) 32 (51.6) 12 (15.0) $0.01
NYHA class III/IV, n (%) 33 (53.2) 43 (53.8) 0.92
Ejection fraction (%) 56.6 ! 13.1 56.1 ! 12.2 0.81
Atrial fibrillation, n (%) 13 (21.0) 3 (3.8) $0.01
Creatinine, mg/dL 1.1 ! 0.4 1.2 ! 0.9 0.42
CABG, n (%) 7 (11.3) 0 (0.0) $0.01

a Continuous data are reported as mean ! standard deviation and
categoric data as number (%).

BP # bioprosthetic valve; CABG # coronary artery bypass graft-
ing; MP # mechanical prosthetic valve; NYHA # New York Heart
Association.

Fig 1. Variance of international normalized
ratio (INR) measurements from target during
follow-up. Patients were instructed on the use
of home point-of-care monitoring. Results
were validated by blood draw every 3 months.
Target INR for aortic valve replacement (AVR,
solid line) was 2.0 and target INR for mitral
valve replacement (MVR, dashed line) was
2.5. Data of 7,551 measurements are repre-
sented as the percentage variance from the
target INR over time. Most variance occurred
in the first 60 days postoperatively then pro-
gressively improved to within 15% to 25% of
target over time.

Table 3. Major Adverse Events

Adverse Eventa

MP BP p
ValueNo. (%) No. (%)

Early eventb

Total patients 69 (100) 103 (100)
TIA 1 (1.45) 2 (1.94) 0.72
Bleeding 0 (0.00) 1 (0.97) . . .
Perioperative death 0 (0.00) 1 (0.97) . . .

MP BP
No. (%/pt-yr) No. (%/pt-yr)

Late eventc

Total, pt-yrs 284 383
Stroke 0 (0.00) 3 (0.78) . . .
TIA 1 (0.35) 0 (0.00) . . .
Bleeding 0 (0.00) 0 (0.00) . . .
Thrombosis 1 (0.35) 0 (0.00) . . .
Composite TEBd 2 (0.77) 3 (0.78) 0.67
Endocarditis 0 (0.00) 1 (0.26) . . .
Valve related mortality 1 (0.35) 0 (0.00) . . .

a Should any group have an event rate of 0, comparison ratios not
calculable. b Early event: !30 days postoperative follow-up reported
as event rate. c Late event: %30 days of postoperative follow-up
reported as event %/patient-year. d The thrombosis, embolism,
bleeding rate (TEB) is considered most representative of the total hazard
of thrombogenicity and anticoagulation.

BP # bioprosthetic valve; MP # mechanical valve; pt-yr # pa-
tient-year; TEB # thrombosis, embolism, bleeding rate; TIA #
transient ischemic attack.

750 BADHWAR ET AL Ann Thorac Surg
MECHANICAL VS BIOPROSTHESES IN YOUNG PATIENTS 2012;93:748–53A

D
U

LT
C

A
R

D
IA

C

 by Axel Haubold on May 14, 2012 ats.ctsnetjournals.orgDownloaded from 

http://ats.ctsnetjournals.org


57% lower hazard for death than the BP group (hazard
ratio, 0.60, 95% confidence interval, 0.13 to 2.15). At 5
years, Kaplan-Meier survival analysis showed trends
toward higher mortality for BP for the entire cohort (p #
0.30), those aged 65 years and younger (p # 0.32), MVR
patients (p # 0.36), and particularly, in isolated AVR
patients (p # 0.09).

In the subset of patients aged 65 years or younger (62
MP and 80 BP), there were 9 BP deaths and 3 MP deaths
(3.12% vs 1.17 %/patient-year, respectively). This MP
subgroup had a 62% lower hazard for death than the BP
subgroup (hazard ratio, 0.37; 95% confidence interval,
0.07 to 1.50). Further subgroup analyses of isolated AVR
and MVR patients aged 65 or younger resulted in death
totals as follows: MP AVR, 0; MP MVR, 3; BP AVR, 6; and
BP MVR, 3. Mortality projections from the subsets for all

patients younger than 65 (Fig 2) and for those younger
patients with isolated AVR (Fig 3) revealed a significant
survival advantage in favor of MP at 7.5 years.

Comment

Contemporary BPs have enjoyed excellent results as a
durable long-term option for valve replacement [21, 22].
Despite the increasing number of surgeons favoring BPs
as their valve of choice, reports of unexpected premature
valve failure and death in patients in younger age ranges
have perpetuated the debate over an outcome-driven
lower age limit for implantation [1, 7, 23–27].

Historical reference to morbidity rates of 2% to 3% per
year associated with elevated warfarin sodium dosing for
earlier generations of MPs has aided the natural evolu-

Fig 2. Propensity-matched survival for pa-
tients aged 65 years and younger receiving a
mechanical prosthesis (solid line) or a bio-
prosthesis (dashed line).

Fig 3. Propensity-matched survival for pa-
tients with isolated aortic valve receiving a
mechanical prosthesis (solid line) or a bio-
prosthesis (dashed line).
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tion of surgeon and patient preference towards BPs in
hopes of avoiding the perceived liabilities of anticoagu-
lation [1, 28]. Recent experience with tight surveillance of
lowered accepted INR targets, facilitated by point-of-care
home monitoring and a new generation of MPs, has
minimized anticoagulation morbidity and substantially
improved outcomes [2, 5, 29].

Concern over reduced survival after use of BPs in
younger patients has recently prompted the European
Society of Cardiology to take the data-driven step to
make the evidence level IIa formal recommendation
favoring mechanical valves for patients younger than 65
to 70 years [30]. Nevertheless, reports showing a 5-year to
10-year mortality benefit for mechanical valves over BPs
for patients aged 65 or younger [7, 31] are countered by
similar reports studying similar age ranges that do not
reveal a clear mortality difference [8, 10]. Though some of
these are case-matched reports, some are longitudinal
outcome studies examining older generation prostheses
in somewhat heterogeneous patient populations.

In our study, we prospectively monitored patients
receiving current-generation prostheses in a multicenter
community environment. Anticoagulation variables were
set at the lowest acceptable INR target of guideline
recommendations for MPs [12, 13]. Propensity matching
based on defined preoperative covariates was used to
study outcomes between homogeneous groups. Age was
slightly higher in the BP group. However, the potential
that the mortality differential might be influenced by the
BP group having more and slightly older patients was
specifically addressed by the use of additional propensity
matching by propensity score classes to account for
partial likelihoods between groups, thus balancing each
of the covariates. Variables that have been associated
with increased late death include preoperative atrial
fibrillation, concomitant coronary grafting, and MVR. In
our study, all three of these variables were actually more
prevalent in the MP group, yet MP recipients still dis-
played a survival benefit over BP recipients.

Mortality differences in these matched groups were
seen as trends in as early as 5 years postoperatively,
particularly in patients with an isolated AVR and in those
aged 65 years or younger. Significant mortality benefit of
MPs over BPs was reached by 7.5 years postoperatively
by means of two independent statistical methods using
linear life-table and propensity matching.

The recent ability to treat structural valve deterioration
of BPs by means of a valve-in-valve transcatheter aortic
valve implantation is indeed an exciting innovation [32].
However, although intellectually intoxicating, this tech-
nique remains at the preliminary stage of anecdotal
validation, with long-term outcomes yet to be reported.
Our study serves to inject substantial equipoise in the
nascent logic of using a BP in a young patient weighed
partly on anticipated future access to a valve-in-valve
option to treat structural valve deterioration, since the
7.5-year early mortality benefit of mechanical prostheses
in patients younger than 65 occurs well before one would
typically expect to see BP structural valve deterioration.

Finally, our finding of MP morbidity equivalency to BP

when INR is tightly regulated appears to replicate the
recent experience elsewhere of a modern era of reduced
anticoagulation complications through point-of-care fa-
cilitated monitoring [2–4]. Some investigators outside of
the regulatory oversight of the United States have re-
cently taken the further step of successful sole antiplate-
let therapy for MP, particularly in the aortic position [33].
This experience combined with our findings, suggests
that further investigation is needed to determine the
optimal selection criteria and postoperative management
of contemporary MPs.

This study has several limitations. Although this was a
prospective examination of two similar patient groups
and we attempted to adjust for selection bias by multi-
variate propensity matching, it was nonrandomized and
retrospectively analyzed and thus not immune to poten-
tial surgical bias. The relatively small sample size and
limited follow-up must be considered in the interpreta-
tion of results.

In conclusion supervised management of anticoagula-
tion by a surgical practice facilitated by point-of-care
home INR monitoring is effective in minimizing postop-
erative morbidity associated with warfarin sodium ther-
apy. When tight INR targets are maintained at the low
range of acceptable guidelines, bleeding and thrombo-
embolic events of a modern bileaflet MP are equivalent
to contemporary BPs. Moreover, the survival advantage
of MPs over BPs less than 10 years postoperatively
suggests a reevaluation of the use of BPs in patients aged
65 years or younger.

This study was supported in part by a grant from On-X Life
Technologies. All authors had full control of study design,
methods used, outcome parameters, analysis, and interpretation
of data and production of the written report. For assistance with
the statistical analyses the authors thank Jay Herson, PhD, and
Constantine Frangakis, PhD, of the Department of Biostatistics,
Johns Hopkins Bloomberg School of Public Health, Baltimore,
Maryland.
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