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Background. Traditionally, aortic root replacement has
ost commonly involved mechanical composite valve

rafts, which have excellent durability but necessitate
ifelong anticoagulation. Stentless porcine xenografts
bioroots) are a recently developed alternative that en-
ble root replacement without the necessity of long-term
nticoagulation. This study examined the early and
ate outcomes of aortic root replacement with porcine
ioroots.
Methods. Porcine bioroots were used for root replace-
ent in 132 patients. Of these, 129 (97.7%) required graft

xtensions for ascending aortic replacement, and 55
41.7%) underwent aortic arch replacement. Twenty-three
perations (17.4%) were reoperations. Twenty-four pa-
ients (18.2%) had aortic dissection. Early and late out-
omes were ascertained by reviewing medical records.
hanges in New York Heart Association (NYHA) class
ere used to assess improvements in functional status.
ollow-up echocardiography results were reviewed to
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ssess bioprosthetic valve function and changes in left
entricular ejection fraction.
Results. There were 10 operative deaths (7.6%), 9 of
hich were directly related to intraoperative ventricular

ailure. Nine patients (6.8%) had late valve-related com-
lications, including 5 patients with prosthetic endocar-
itis (3 died), 1 annular pseudoaneurysm, and 3 sudden,
nexplained deaths. Survivors’ NYHA status and left
entricular ejection fraction improved significantly. No
tructural valve dysfunction was evident during follow-
p. Actuarial survival was 85.6% � 3.1% at 1 year and
7.8% � 4.8% at 5 years.

Conclusions. Aortic root replacement with porcine
enografts can be performed with respectable early and
ate outcomes, even when combined with aortic arch
eplacement. Further follow-up is necessary to evaluate
ong-term bioroot durability.

(Ann Thorac Surg 2009;87:503–13)

© 2009 by The Society of Thoracic Surgeons
espite the increasing popularity of valve-sparing
root reconstructions, root replacement remains a

tandard approach to treating aortic root disease [1, 2].
lthough mechanical composite valve grafts (CVGs) are
xtremely durable, recipients receive lifelong anticoagu-
ation to prevent thromboembolic complications. In pa-
ients who might benefit from a bioprosthetic valve,
lternatives for aortic root replacement include valved
onduits consisting of an aortic valve bioprosthesis at-
ached to a synthetic aortic graft, cryopreserved aortic
oot homografts, and pulmonary autografts. A recently
eveloped option is the stentless porcine aortic root—or
ioroot—prosthesis.
Bioroots are xenografts composed of a thin, stentless,

ynthetic sewing cuff attached to a glutaraldehyde-
reserved porcine aortic root. They were initially devel-
ped as customizable prostheses that could be sculpted
s needed into various configurations to enable different

ccepted for publication Nov 12, 2008.

resented at the Fifty-fourth Annual Meeting of the Southern Thoracic
urgical Association, Bonita Springs, FL, Nov 7–10, 2007.
egrees of aortic valve replacement, ranging from sub-
oronary valve replacement to full root replacement.
heir use for aortic valve replacement has gained in
opularity since their introduction in the 1990s, and they
ave been used in an increasingly wide spectrum of
ortic valve operations [3–15]. Unlike most other com-
ercially available root prostheses, bioroots have a com-

ination of highly desirable features: they are ready to
mplant and available off the shelf in a variety of sizes,
nd lifelong anticoagulation is not required. This retro-
pective study examined the early and late outcomes of
ortic root replacement with bioroots.

atients and Methods

atients and Data Collection
nstitutional Review Board approval was obtained for the
ollection and analysis of clinical data and waiver of
ndividual consent. Our prospectively maintained clinical
atabase was used to identify 132 consecutive patients

Dr Coselli discloses that he has a financial relationship

with Medtronic Inc and St. Jude Medical.

0003-4975/09/$36.00
doi:10.1016/j.athoracsur.2008.11.033

mailto:slemaire@bcm.edu


(
w
o

t
m
c
w
a
w
i

t
t
�
c
(
l
D

B
B
(
A
M
(
r
I
i
e

r
t
c
t
a
r
v
a
t
T
a
e

T
U
P

D
C

S

A
C
H

C
P
C
P

A

V

a

o
c
f
m
w

F
d
F
t

504 LEMAIRE ET AL Ann Thorac Surg
ROOT REPLACEMENT WITH PORCINE BIOROOTS 2009;87:503–13

A
D

U
LT

C
A

R
D

IA
C

Table 1) who had undergone aortic root replacement
ith porcine bioroots. In all patients the indication for
peration was aneurysm or dissection involving the aor-

able 1. Preoperative Characteristics of 132 Patients Who
nderwent Aortic Root Replacement Operations With
orcine Bioroots

emographics, Cardiovascular
omorbidities

No. (%) or Mean �
1 SD (range)a

ex
Men 108 (81.8)
Women 24 (18.2)
ge, y 54.8 � 14.0 (15–80)
onnective tissue disorderb 20 (15.2)
istory of stroke (permanent or

transient)
14 (10.6)

oronary artery disease 41 (31.1)
revious myocardial infarction 10 (7.6)
ongestive heart failure 16 (12.1)
revious cardiac operation 23 (17.4)
Replacement of ascending aorta or

aortic arch
13 (9.8)

Valve repair or replacementc 13 (9.8)
Coronary artery bypass 5 (3.8)
ortic disease
Ascending aortic aneurysm/

annuloaortic ectasia
130 (98.5)

Aortic root diameter, mmd 53.1 � 13.0 (26–90)
Dissection of ascending aorta 24 (18.2)

Acute 10 (7.6)
Chronic 14 (10.6)

Pseudoaneurysm 5 (3.8)
Ruptured aneurysm 1 (0.8)

alvular disease
Aortic valve regurgitation

Mild 17 (12.9)
Moderate 30 (22.7)
Severe 75 (56.8)

Aortic valve stenosis
Mild 4 (3.0)
Moderate 8 (6.1)
Severe 9 (6.8)

New York Heart Association
classification

I 32 (24.2)
II 52 (39.4)
III 31 (23.5)
IV 17 (12.9)

Bicuspid aortic valve (congenital or
functional)

45 (34.1)

Failed bioprosthetic valve requiring
reoperation

3 (2.3)

Active endocarditis 3 (2.3)

Data were available for all 132 patients unless otherwise noted. b Six
f the 20 patients with connective tissue disorders met Ghent diagnostic
riteria for Marfan syndrome. The other 14 had Loeys-Dietz syndrome,
amilial thoracic aortic aneurysm and dissection, or a currently undeter-

c

v
ined disorder. Includes 2 Ross procedures and 1 root replacement
ith a composite valve graft. d Data were available for 102 patients.
ic root; no patient in this series underwent root replace-
ent to treat isolated aortic valve disease [10]. We

ollected perioperative data after study-specific variables
ere selected and defined according to relevant reports

nd reporting guidelines [3–9, 11–21]. Follow-up data
ere obtained from medical records detailing office vis-

ts, hospitalizations, and telephone contacts.
Review of follow-up data focused on identifying poten-

ial valve-related complications. Values abstracted from
he preoperative and most recent available follow-up (ie,
30 days after operation) echocardiography reports in-

luded the lowest raw left ventricular ejection fraction
LVEF) [22]. Current vital status for patients who were
ost to follow-up was obtained from the Social Security
eath Index (SSDI) database.

ioroot Prostheses
etween March 2001 and July 2007 (Fig 1), 54 patients

40.9%) were implanted with the Medtronic Freestyle
ortic Root Bioprosthesis (Medtronic Inc, Minneapolis,
N). Between May 2002 and November 2005, 78 patients

59.1%) were implanted with the St. Jude Medical To-
onto Root Bioprosthesis with BiLinx (St. Jude Medical
nc, St. Paul, MN); data from 26 of these patients were
ncluded in a 2004 multicenter report that focused on
arly outcomes [12].
Patients who received the Toronto bioroot were en-

olled in the multicenter investigational device exemp-
ion (IDE) clinical trial and provided written informed
onsent before study enrollment and bioroot implanta-
ion. The exclusion criteria for the IDE trial included
ctive endocarditis; need for additional concurrent valve
eplacement; previous mitral, tricuspid, or pulmonary
alve replacement; acute preoperative neurologic event;
nd renal dialysis. The IDE trial was stopped in 2006, and
he Toronto bioroot is no longer being manufactured.
he decision to halt progress toward United States Food
nd Drug Administration approval was reportedly due
ntirely to business issues and not to any problems with

ig 1. Histogram shows the number of bioroot procedures performed
uring the study period, stratified by the Toronto (slanted bars) and
reestyle (black bars) bioroots. *Data for 2007 are from January
hrough July.
alve safety or performance.
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urgical Techniques
ost of the 132 operations (Table 2) were elective, and 23

rocedures (17.4%) were reoperations. Hypothermic cir-
ulatory arrest (HCA) was necessary in 57 patients
43.2%), including 10 patients with acute dissection in
hom HCA was used to facilitate an open distal anasto-
osis, most often as a beveled hemiarch. The aortic arch
as replaced in 55 patients (41.7%). During the period

overed in this series, we used both retrograde and
ntegrade cerebral perfusion as adjuncts to HCA; our
urrently favored approach to HCA includes routine use
f right axillary artery inflow and antegrade cerebral
erfusion [23].
The sizes of the implanted bioroots ranged from 19 to

9 mm; 25-mm bioroots were used in nearly half of the
ases. At the time of implantation, the bioroot was
otated so that the noncoronary sinus of the prosthesis
as aligned with the right coronary segment of the
atient’s annulus. The unused left coronary artery stump
f the bioroot was often reinforced with a pledgeted
olypropylene suture to prevent bleeding. Early in our
xperience, we used continuous polypropylene sutures
o attach the bioroot sewing ring to the aortic valve
nnulus (Fig 2A). We eventually changed our technique
o make it easier to perform the anastomosis, and we
urrently favor interrupted supraannular polyester mat-
ress sutures with felt pledgets (Fig 2B). The annular
nastomosis was often reinforced with a continuous
olypropylene suture to prevent bleeding [24].
Whenever possible, both coronary arteries were reat-

ached after being mobilized along with generous but-
ons of surrounding aortic tissue (Fig 2C). Techniques
sed to prevent bleeding at the coronary anastomoses
ave been previously reported in detail [24]. When it was
ot feasible to use the button technique, an alternative
pproach to reattachment was used for one or both
oronary arteries (Table 2). Alternative methods for reat-
aching the coronary arteries included the Bentall inclu-
ion technique [1]; the Cabrol technique [25]; the hemi-
abrol technique, in which one coronary artery was

eattached with an 8- or 10-mm polyester interposition
raft; and the use of a reversed segment of autologous
aphenous vein placed as an interposition graft to a
oronary ostium or as a bypass graft to a more distal
spect of the coronary artery. Alternative coronary artery

able 2. Continued

ariable
No. (%), or Mean �

1 SD (range)a

Placement of ventricular assist device 2 (1.5)
Repair of ventricular septal defect 1 (0.8)
Septal myomectomy 1 (0.8)

Data were available for all 132 patients unless otherwise noted. b Data
ere available for 57 patients.

CP � antegrade cerebral perfusion; AF � atrial fibrillation; CPB �
ardiopulmonary bypass; HCA � hypothermic circulatory arrest;
CP � retrograde cerebral perfusion.
able 2. Details of 132 Aortic Root Replacement Operations
ith Porcine Bioroots

ariable
No. (%), or Mean �

1 SD (range)a

rgency of operation
Elective 117 (88.6)
Urgent 4 (3.0)
Emergency 11 (8.3)

erfusion data and ischemic times
Cardiopulmonary bypass alone 75 (56.8)
Hypothermic circulatory arrest 57 (43.2)

Without perfusion adjuncts 4 (3.0)
With ACP 37 (28.0)
With RCP 8 (6.1)
With ACP and RCP 8 (6.1)

Right axillary artery cannulation 52 (39.4)
Aortic clamp time, min 109.2 � 36.5 (56–321)
CPB time, min 190.3 � 65.3 (115–594)
Systemic HCA time, minb 29.6 � 15.5 (14–85)
ortic root replacement techniques
Annular suture technique

Continuous polypropylene suture 37 (28.0)
Interrupted polyester sutures with

pledgets
95 (72.0)

Left coronary artery reattachment
technique

Bentall inclusion 11 (8.3)
Open button 114 (86.4)
Cabrol 1 (0.8)
Hemi-Cabrol 3 (2.3)
Saphenous vein interposition graft 3 (2.3)
Saphenous vein bypass graft 0

Right coronary artery reattachment
technique

Bentall inclusion 5 (3.8)
Open button 115 (87.1)
Cabrol 1 (0.8)
Hemi-Cabrol 1 (0.8)
Saphenous vein interposition graft 3 (2.3)
Saphenous vein bypass graft 7 (5.3)

scending aortic and aortic arch
management

Graft extension for ascending aortic
replacement

129 (97.7)

Ascending aortoplasty 1 (0.8)
Graft replacement of aortic arch 55 (41.7)

Beveled hemiarch repair 47 (35.6)
Total arch repair 8 (6.1)

Elephant trunk repair 5 (3.8)
Prior reverse elephant trunk repair 1 (0.8)

Bypasses to brachiocephalic arteries 6 (4.5)
ther concomitant procedures
Coronary artery bypass grafting 32 (24.2)
Placement of intraaortic balloon 7 (5.3)
Ablation procedures for AF

(modified Maze)
3 (2.3)
eattachment techniques were used in 9 of 23 patients
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39%) undergoing reoperations compared with 16 of 109
atients (15%) undergoing first-time operations.
In nearly all cases, we used a gelatin-impregnated
oven polyester graft (Gelweave, Vascutek Inc, Ann
rbor, MI) to bridge the distance between the bioroot
nd the distal extent of aortic replacement. Graft sizes
aried from 18 to 28 mm, with 24-mm grafts being used
ost commonly.
The most commonly performed concomitant proce-

ure was coronary artery bypass grafting (CABG). This
rocedure was used in 7 patients as an alternative ap-
roach to coronary reattachment and was needed in
nother 32 patients to treat coronary artery disease,
ntraoperative ventricular dysfunction, or severe bleed-
ng from a coronary reattachment site [13]. Placement of
n intraaortic balloon, a ventricular assist device, or both,
as required in 7 patients (5.3%) because they had
ifficulty separating from cardiopulmonary bypass.

tatistical Analysis
e analyzed only data collected specifically for this

etrospective study; no data were obtained from the
ponsor of the Toronto bioroot IDE trial. Data were

nalyzed with SAS 9.2 software (SAS Inc, Cary, NC). t
uantitative variables are presented as mean � 1 stan-
ard deviation. Overall actuarial survival was estimated
y using the Kaplan-Meier survival model.
In a post hoc analysis, we compared the preoperative

haracteristics, surgical details, and outcomes of patients
ho received the Freestyle bioroot with those of patients
ho received the Toronto bioroot. Categoric variables
ere analyzed with �2 or Fisher exact tests. Continuous

ariables were first examined for normality of distribu-
ion; the t test was used for those with normal distribu-
ions, and the nonparametric Mann-Whitney U test was
pplied for those with skewed distributions. For survival
nalysis, we used a Kaplan-Meier survival model in
hich type of replacement was the factor of comparison.

n all tests, two-tailed p-values were calculated.

esults

arly Outcomes
arly complications (Table 3) included 10 operative deaths

7.6%): 8 (6.1%) occurred within 30 days postoperatively
Table 4). Nearly all of the early deaths were directly related

Fig 2. The technique of aortic root replacement
with a porcine bioroot is illustrated. The annu-
lar anastomosis can be performed by using (A)
continuous polypropylene suture or (B) inter-
rupted polyester mattress sutures. Note that the
bioroot has been rotated so that the noncoro-
nary sinus of the xenograft is aligned with the
patient’s right coronary artery. (C) Completed
repair with both coronary arteries reattached
by the button technique.
o intraoperative ventricular failure; technical problems
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ith coronary reattachment had occurred in 4 of these
atients. Cardiac arrhythmia was the most common early
omplication, occurring in 55 patients (41.6%); 45 of the 55
rrhythmias (82%) were atrial in origin.

ate Outcomes
linical follow-up data were available for 119 of the 122
arly survivors (97.5%), who had a mean clinical fol-
ow-up of 3.3 � 1.5 years (range, 39 days to 6.8 years).

able 3. Outcomes after 132 Aortic Root Replacement
perations With Porcine Bioroots

utcomes
No (%) or Mean �

1 SD (range)a

arly outcomes
Operative death 10 (7.6)

Within 30 days of operation 8 (6.1)
During initial hospitalizationb 10 (7.6)

Strokec 9 (6.8)
Bleeding requiring reoperation 17 (12.9)
Cardiac complicationsd 67 (50.8)

Atrial arrhythmia 45 (34.1)
Ventricular arrhythmia 10 (7.6)
Cardiac failure 16 (12.1)
Pericardial effusion requiring drainage 10 (7.6)
Heart block requiring pacemaker 9 (6.8)
Myocardial infarction 2 (1.5)

Pulmonary complicationse 28 (21.2)
Renal failure requiring dialysisf 8 (6.1)
Survivor hospital LOS, daysg 13.1 � 16.4 (4–108)

ate valve-related complicationsh 9 (6.8)
Reoperation required 1 (0.8)
Annular pseudoaneurysm 1 (0.8)
Endocarditis 5 (3.8)
Sudden, unexplained death 3 (2.3)

Data were available for all 132 patients unless otherwise noted. b Op-
rative mortality was defined as death � 30 days of operation or during
he initial hospitalization. In accordance with reporting guidelines [19, 20],
ospital-to-hospital transfer was not considered discharge, so deaths that
ccurred after such transfers were counted as operative deaths. Patients
ho died after being transferred to a nursing home or rehabilitation center
ere considered as having been discharged unless the death was due to a

omplication directly related to the operation. Deaths that occurred after
his operative period were classified as late deaths. c Stroke was defined
s a new focal neurologic deficit, whether permanent or transient. d Car-
iac complications included atrial and ventricular arrhythmias requiring

reatment, cardiac failure necessitating mechanical or prolonged inotro-
ic support, heart block requiring pacemaker implantation, myocardial

nfarction, and pericardial effusion requiring drainage. e Pulmonary
omplications were defined as ventilator dependency lasting � 48 hours,
neumonia, pleural effusion requiring drainage, pneumothorax necessi-

ating evacuation, and atelectasis necessitating bronchoscopy. f In-
ludes both temporary and permanent dialysis. g Survivors’ length of
ospital stay (LOS) was computed as the number of days between
rocedure and discharge; our analyses of this variable excluded patients
ho died before hospital discharge but included the time patients spent

t hospitals or long-term acute care facilities after transfer from our
nstitution. Data were available for 122 patients. h Valve-related com-
lications were defined as valve failure necessitating reoperation, annular
seudoaneurysm formation, postoperative endocarditis (including recur-
ent endocarditis), moderate or severe aortic valve regurgitation (accord-
ng to echocardiographic findings), and unexplained deaths [16]. (LOS �
ength of stay.)
hree patients were lost to follow-up, but their current d
ital status data were obtained from the SSDI database;
hus, current survival data were available for all patients.
f the 17 late deaths (Table 4), 9 occurred in the first
ostoperative year. Actuarial survival was 85.6% � 3.1%
t 1 year and 77.8% � 4.8% at 5 years (Fig 3).
Late valve-related complications have developed in 9

atients (6.8%). In one patient, a pseudoaneurysm arose
rom the annular and left coronary anastomoses. The
ioroot was replaced with a CVG, and the patient re-
ains alive. Endocarditis developed in 5 patients. This

omplication was fatal in 3 patients and was successfully
reated nonoperatively in 2. Three patients died suddenly of
nexplained causes (Table 4). Because the causes of death
ould not be documented, they were classified as valve-
elated deaths in accordance with the guidelines for report-
ng adverse events after valve procedures [16]. Therefore, 6
f the late deaths were considered valve-related.
Three patients had late complications due to left main

oronary stenosis; although not valve-related, these
eaths were attributable to the root-replacement proce-
ure [13]. One of the affected patients died of a myocar-
ial infarction 3 months after operation. In the second
atient, severe mitral regurgitation and congestive heart

ailure developed 2 years after root replacement. This
atient was treated with coronary angioplasty and stent-

ng but declined mitral valve repair and ultimately died
f heart failure. The third patient remains alive after
ndergoing emergency CABG 6.5 months after the initial
peration.
Follow-up New York Heart Association (NYHA) status
as available for 84 of 105 survivors (80%). Comparison
f preoperative and follow-up NYHA status showed that
fter a mean follow-up of 3.5 � 1.3 years (range, 0.8 to 6.8
ears), patients had significant improvement in func-
ional status (Table 5). NYHA status improved in 54 of the
9 patients (92%) who had been in NYHA classes II, III, or
V preoperatively.

Follow-up echocardiography data were available for 99
f 105 survivors (94%). Comparison of preoperative and
ollow-up LVEF showed that, after a mean follow-up of
.8 � 1.4 years (range, 64 days to 6.1 years), patients had
ignificant improvement in ventricular function (Table 5).
f the 39 patients who had reduced LVEF before surgery,
VEF improved in 35 (90%). Valve integrity at follow-up
as excellent; only 1 patient had even minimal aortic

egurgitation. Mild aortic valve stenosis was found on
chocardiography in 8 patients (8.0%), and moderate
tenosis was found in 2 (2.0%). No patient had evidence
f structural valve deterioration.

omparison of Freestyle and Toronto Bioroot Groups
ur analysis of preoperative characteristics revealed pro-

ound differences in the two patient groups (Table 6).
verall, the Toronto bioroot recipients appeared to be at

ower risk than the Freestyle bioroot recipients. The more
requent use of HCA in the Freestyle group corre-
ponded to a trend toward longer cardiopulmonary by-
ass times in this group. Neither early nor late outcomes

iffered significantly between the two groups.
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omment

he stentless porcine xenograft root is a valuable addi-
ion to the surgical armamentarium for aortic root re-
lacement. Our study found encouraging results in a
niquely complex group of patients. Connective tissue
isorders were present in a relatively high proportion of
atients (15.2%). These diseases are characterized by
xtensive aortic involvement and thus put patients at
ncreased risk of aortic repair failure [26]. All procedures
n our series involved total root replacement, most re-
uired extended graft repair of the ascending aorta, and
2% involved aortic arch repair. In contrast, in many
revious series of bioroot implantations, often less than
0% of patients underwent full root replacement, and it
as rare for repairs to extend into the aortic arch [4, 6–9,

8, 27]. A few reports focused on full root replacement
Table 7), but these series included relatively few patients
ith aortic dissection, reoperations, or aortic arch repairs

able 4. Causes of Early and Late Deaths After 132 Aortic Ro

atient Age,
ears Sex

Bioroot
Type

Survival,
Days

arly deaths
64 M Toronto 0 Intraoperative coa
55 F Freestyle 0 Intraoperative biv
64 M Freestyle 0 Intraoperative lef
70 M Freestyle 0 Intraoperative coa
73 M Freestyle 0 Intraoperative biv
71 F Toronto 2 Intraoperative rig
52 M Freestyle 10 Intraoperative lef
75 F Toronto 24 Sudden cardiores
80 M Freestyle 42 Intraoperative lef
70 F Freestyle 58 Intraoperative lef

ate deaths
34 F Toronto 39 Sudden, unexplai
42 M Freestyle 47 Recurrent endoca
66 M Toronto 67 Sudden, unexplai
66 M Freestyle 91 Left main coronar
72 M Toronto 128 Sudden, unexplai
69 M Toronto 200 Sepsis and respir
54 M Freestyle 207 Endocarditis with
57 F Freestyle 304 Rupture of descen
63 M Toronto 364 Lung cancer, bron
60 M Freestyle 463 Sepsis after repai
61 F Toronto 793 Left main coronar
63 M Toronto 813 Malignant lymph
68 M Toronto 855 Lung cancer, resp
43 M Freestyle 877 Myocardial infarc
78 F Toronto 1711 Endocarditisa

72 M Toronto 2106 Acute myocardial
77 M Freestyle 2431 Pneumonia

Valve-related death. b Patient had acute dyspnea and back and abdomin
ould not be documented. c Patient had an unrepaired thoracoabdom
Cause of death was not documented; death was discovered by using Socia

� female; M � male.
11–15]. Despite the high-risk patient profile in our series, o
arly and late results were respectable and comparable
ith those of previous series.
Follow-up results showing improvements in our co-

ort’s functional status and LVEF, as well as bioroot
urability, are encouraging: there was no evidence of
tructural valve failure, and the incidence of late valve-
elated complications was low (6.8%). Although sudden
nexplained deaths meet reporting standards for valve-
elated mortality [16], given the clinical circumstances in

of these patients—1 with an unrepaired thoracoab-
ominal aortic aneurysm, and 1 with acute back pain
fter thoracoabdominal aortic repair—it seems unlikely
hat the bioroots were the cause of death.

Two different types of porcine bioroots have been used
n the United States; mid- and long-term data after root
eplacements are limited for one type and are nonexist-
nt for the other. Follow-up data extending up to 12 years
or the Freestyle xenograft have shown excellent clinical

eplacement Operations With Porcine Bioroots

Cause of Death

pathy and left ventricular failure
cular failure
tricular failure
pathy ¡ biventricular failure
cular failure
ntricular failure
tricular failure ¡ multiorgan failure
ory arrest
tricular failure ¡ multiorgan failure
tricular failure ¡ multiorgan failure and sepsis

eatha,b

with dehiscence of prosthetic mitral valve, sepsisa

eatha,c

nosis, myocardial infarction
eatha,d

failure
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ormance; however, most of the data on this device focus
olely on its use for subcoronary aortic valve replacement
3–9]. Mid- and long-term data are emerging for its use in
oot replacement but remain limited (Table 7). In a
andomized trial, Melina and associates [15] found that
reestyle bioroots were about as durable as homografts
fter a median follow-up of 45 months; 5-year actuarial
urvival for the bioroot group was 83% � 5%. Kon and
ssociates [14] reported a similar 5-year actuarial survival
f 82.8% after aortic root replacements with Freestyle
ioroots.

ig 3. Kaplan-Meier survival curve shows survival after 132 aortic
oot replacement operations with porcine bioroots.

able 5. Comparison of Preoperative Versus Follow-up New Y
jection Fraction

Postoperative NYHA Classa I (n � 25)

22 (88)
I 3 (12)
II 0
V 0

ostoperative LVEFb Normal (n � 55) Mildly Reduced (n

ormal 51 (93) 23 (85)
ildly reduced 4 (7) 1 (4)
oderately reduced 0 1 (4)

everely reduced 0 2 (7)

NYHA status significantly improved during follow-up (p � 0.004). b L
educed (26%–40%), or severely reduced (�25%) [22]. LVEF significantly
VEF � left ventricular ejection fraction; NYHA � New York Heart Associ
For the Toronto bioroot, published reports are limited
o short-term results culled from the IDE clinical study
11–13]; mid- and long-term outcome data are lacking.
arly analysis of the IDE study data revealed outstanding
hort-term durability and a trend toward a reduction in
he transvalvular gradient over time; aortic regurgitation,
tructural valvular deterioration, and nonstructural dys-
unction were not found in any patient [12]. Because the
oronto bioroot has been implanted in more than 600
atients, a careful examination of outcomes in these
atients remains important even though the device is no

onger available for use.
Although this study was not designed to compare the

afety or effectiveness of the 2 devices, we believed that a
escriptive post hoc comparison might nevertheless be

nstructive. We predominately used the Toronto bioroot
uring our early experience and gradually shifted toward

he Freestyle device (Fig 1). In general, the patients who
eceived the Toronto bioroot were healthier preopera-
ively and had less complicated operations. The most
ikely explanations for this observation are the con-
traints of the related IDE study, which prevented enroll-
ent of many high-risk patients, and our own expanding

se of bioroots in increasingly complex cases over time.
he change from the Toronto device to the Freestyle root
lso paralleled several changes in our technique; for
xample, Freestyle recipients were more likely to have
xillary artery cannulation and interrupted annular su-
ures. The higher complexity of operations in the Free-
tyle group is reflected in the slightly higher incidences
f operative death, bleeding, and morbidity in that group;
owever, none of the outcome variables were signifi-
antly different between groups.

Nine of the 10 early deaths were associated with
ntraoperative ventricular failure, and technical problems
elated to coronary reattachment occurred in 4 of these
ases. It is critical to ensure proper alignment of the

Heart Association Status and Left Ventricular

Preoperative NYHA Class, No. (%)

II (n � 40) III (n � 15) IV (n � 4)

35 (88) 9 (60) 1 (25)
3 (8) 6 (30) 2 (50)
2 (5) 0 1 (25)

0 0 0

perative LVEF, No. (%)

) Moderately Reduced (n � 11) Severely Reduced (n � 1)

7 (64) 0
4 (36) 0

0 1 (100)
0 0

was classified as normal (�55%), mildly reduced (41%–54%), moderately
oved during follow-up (p � 0.0001).
ork

Preo

� 27

VEF
impr
ation.
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able 6. Comparison of Patients Who Received Toronto vs Freestyle Biorootsa

ariable Toronto Bioroot (n � 78) Freestyle Bioroot (n � 54) p-Value

reoperative
Age, years 54.1 � 13.7 55.8 � 14.5 0.5
Dissection of ascending aorta 6 (8) 18 (33) �0.001

Acute 0 10 (19) �0.001
Chronic 6 (8) 8 (15) 0.3

New York Heart Association classification �0.001
I 25 (32) 7 (13)
II 34 (44) 18 (33)
III 18 (23) 13 (24)
IV 1 (1) 16 (30)

History of chronic lung or airway disease 12 (15) 18 (33) 0.02
Previous cardiac operation 9 (12) 14 (26) 0.04
perative
Urgency of operation �0.001

Elective 75 (96) 42 (78)
Urgent 3 (4) 1 (2)
Emergency 0 11 (20)

Hypothermic circulatory arrest 23 (29) 34 (63) �0.001
Without perfusion adjuncts 1 (1) 3 (6) 0.3
With ACP 8 (10) 29 (54) �0.001
With RCP 8 (10) 0 0.02
With ACP and RCP 6 (8) 2 (4) 0.5

Right axillary artery cannulation 13 (17) 39 (72) �0.001
Aortic clamp time, min 105.8 � 20.7 114.2 � 51.3 0.2
CPB time, min 182.4 � 44.3 201.8 � 86.4 0.09
Systemic HCA time, minb 33.0 � 17.4 27.3 � 13.8 0.2
Aortic arch repair 22 (28) 33 (61) �0.001
Annular suture technique 0.001

Continuous polypropylene suture 30 (38) 7 (13)
Interrupted polyester sutures with pledgets 48 (62) 47 (87)

Left coronary reattachment technique 0.2
Bentall inclusion 4 (5) 7 (13)
Open button 72 (92) 42 (78)
Cabrol 0 1 (2)
Hemi-Cabrol 1 (1) 2 (4)
Saphenous vein interposition graft 1 (1) 2 (4)

Right coronary reattachment technique 0.2
Bentall inclusion 2 (3) 3 (6)
Open button 72 (92) 43 (80)
Cabrol 0 1 (2)
Hemi-Cabrol 1 (1) 0
Saphenous vein interposition graft 1 (1) 2 (4)
Saphenous vein bypass graft 2 (3) 5 (9)

utcomes
Operative death 3 (4) 7 (13) 0.09

Within 30 days of operation 3 (4) 5 (9) 0.3
Stroke 7 (9) 2 (4) 0.3
Bleeding requiring reoperation 7 (9) 10 (19) 0.1
Cardiac complications 36 (46) 31 (57) 0.2
Pulmonary complications 13 (17) 15 (28) 0.1
Renal failure necessitating dialysis 3 (4) 5 (9) 0.3
Survivor hospital LOS, daysc 12.5 � 17.5 14.1 � 14.7 0.9

Late valve-related complications 6 (8) 3 (6) 0.7
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oronary arteries and to carefully select the reattachment
ites to prevent kinking of the coronary arteries. Any
ifficulty weaning the patient from cardiopulmonary
ypass raises immediate concern about coronary mal-
erfusion; whenever this is suspected, we expeditiously
erform CABG, which can often be done without cross-
lamping the aorta. Bleeding from the coronary buttons
an also be catastrophic and is notoriously difficult to
ontrol. We routinely use adjunctive techniques, such as
einforcement with pericardial rings, to prevent bleeding
t these anastomoses [24]. When faced with severe coro-
ary button bleeding, we have a low threshold for
eclamping the aorta so that the button can be directly
epaired, reattached with an alternative technique (eg,
nterposition graft), or oversewn after CABG is performed.

This retrospective study has several important limita-
ions. Because of our practice’s referral pattern, most of
ur patients live far away from our center and receive
ollow-up care from their local physicians. We were
ortunate enough to capture basic follow-up information
vital status, need for reoperation, etc) for most patients,
ut in some cases it was not possible to obtain the other,
ore detailed information needed to fully assess valve

erformance. Even when such data were available, the
ack of standardization between centers complicated ef-
orts at detailed interpretation of these data. For example,
rom the echocardiography results, we were able to
ollect data on LVEF and bioprosthetic valve stenosis and
egurgitation, but not on left ventricular hypertrophy,
ransvalvular gradients, or other important variables.
imilar challenges were encountered when we attempted

o ascertain the incidence of late thromboembolic com-
lications during follow-up, preventing us from studying

his important aspect of prosthetic valve safety.

able 6. Continued

ariable Toronto

Actuarial survival
1-year (%)
5-year (%)

Categoric data are presented as number (percentage) of patients. Contin
or all 132 patients unless otherwise noted. b Data available for 57 pa

CP � antegrade cerebral perfusion; CPB � cardiopulmonary byp
CP � retrograde cerebral perfusion.

able 7. Comparison of Published Series Focusing on Aortic R

irst Author, Year
No. of

Centers
No. of

Patients
Bioroot

Type

Full Root
Replaced,
No. (%)

on, 1999 [14] Single 112 Freestyle 112 (100)
avid, 2004 [11] Multiple 191 Toronto 150 (78.5)
elina, 2004 [15] Single 80 Freestyle 80 (100)
leason, 2004 [12] Multiple 176a Toronto 158 (89.8)
incaid, 2007 [13] Single 503 Both 503 (100)
urrent series, 2009 Single 132 Both 132 (100)
Includes 26 patients from the current series.
Although this study showed encouraging early and late
utcomes, additional follow-up studies will be necessary
o better determine the long-term durability of these
evices. The Achilles’ heel of bioprosthetic valves re-
ains their poor long-term durability compared with

hat of mechanical valves. As a consequence, many
urgeons remain justifiably reluctant to use bioprosthetic
oots in younger patients. Furthermore, the potential
ifficulty of the inevitable reoperations in young patients

s an important consideration. Notably, the ease of valve
xplantation and replacement during reoperation is one
f the cited potential advantages of a new prefabricated
alved conduit comprising a stentless porcine aortic
alve and a synthetic vascular graft [28]. It is possible that
dvances in catheter-delivered aortic valve prostheses
ill affect future decisions about using bioroots in

ounger patients; the pliable bioroot with structural valve
eterioration may be a very suitable landing area for an
xpandable valve-stent.
In light of these concerns, when valve-sparing root re-

onstruction is not feasible, we continue to advocate using
echanical CVGs in patients aged younger than 70 years.
ost exceptions to this approach are made for patients with

ontraindications to warfarin therapy, but a growing num-
er are driven by patient demand. The mean age of 54 years

n our patient cohort reflects the trend of younger patients
equesting bioprosthetic aortic valves in our practice. Pa-
ients are increasingly choosing the risk of reoperation over
he risks associated with long-term anticoagulation.

In conclusion, although stentless porcine xenografts
re not the ideal choice for young patients who need root
eplacement, they are an important alternative to me-
hanical CVGs, particularly for patients who either can-
ot or choose not to tolerate lifelong anticoagulation. As

oot (n � 78) Freestyle Bioroot (n � 54) p-Value

0.1
� 3.4 79.6 � 5.5
� 5.5 74.1 � 6.4

data are presented as mean � 1 standard deviation. Data were available
. c Data available for 122 patients.

HCA � hypothermic circulatory arrest; LOS � length of stay;

Replacement With Porcine Bioroots

ection,
. (%)

Reoperation,
No. (%)

Ascending or
Arch, No.

(%)

Operative
Mortality,
No. (%)

Follow-up
Survival
Rate, %

. . . . . . 29 (25.9) 4 (3.6) 82.8 at 5 yrs

. . . 9 (4.7) . . . 7 (3.7) 95.8 at 6 mos

. . . 16 (20) . . . 4 (5) 83 at 5 yrs
(8.0) . . . 95 (54.0) 7 (4.0) 91.0 at 6 mos
. . . . . . 180 (35.8) 30 (6.0) . . .
(18.2) 23 (17.4) 129 (97.7) 10 (7.6) 77.8 at 5 yrs
Bior

89.7
81.8

uous
tients
oot

Diss
No

14

24



a
a
d

T
R
C
i
r
a
M

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

D

D
l
h
p
t

512 LEMAIRE ET AL Ann Thorac Surg
ROOT REPLACEMENT WITH PORCINE BIOROOTS 2009;87:503–13

A
D

U
LT

C
A

R
D

IA
C

consequence, it will be important to continue to collect
nd report durability data to facilitate valve selection
ecisions by physicians and patients.
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ISCUSSION
R JOHN W. HAMMON JR (Winston-Salem, NC): My col-
eague, Dr Neal Kon, was invited to discuss this paper and he
ad to cancel his trip at the last minute, so I am going to present
araphrased remarks from Dr Kon that were altered to fit the
We congratulate Dr Coselli and his colleagues on an excellent
aper and presentation. We also consider the stentless bioroot a
uperb option for total root replacement. We began implanting
tentless bioroots in 1992 and were part of the original Freestyle

tudy group. The vast majority of surgeons in the Freestyle study
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roup choose to use this valve as a subcoronary implant, but we
ave always felt it is better utilized if implanted using a full root

echnique.
I believe our indications and therefore patient population are

omewhat different than yours. Our indications for using a
tentless bioroot include patients with significant aortic root
isease who prefer a tissue valve, the elderly patient with poor

issues, patients with a small aortic root and/or bad ventricles,
eplacing degenerated stented prostheses, and endocarditis. We
an perform AVR [aortic valve replacement] in all patients and
ot be concerned with patient-prosthesis mismatch. Bioroots
ffer patients with endocarditis the same advantages as the
ortic allograft, the ability to reconstruct the aortic root after
xtensive débridement of infected tissues. In our series, bioroots
ave demonstrated very good durability, a 94% freedom from
tructural valve disease at 14 years, making it an excellent tissue
alve replacement option.
We have utilized the simple interrupted suture technique so

s to optimize alignment. Why have you chosen to use inter-
upted mattress sutures or a running technique when each of
hese techniques might lead to distorting either the bioroot
nflow or the left ventricular outflow tract? Have you used the
tentless bioroot solely for hemodynamic considerations or do
ou use it only in patients with significant root disease? Can you
laborate for us, Dr Coselli, what you feel the optimal situations

re for implanting a stentless bioroot? Thank you. t
R COSELLI: Thank you, Dr Hammon, for your kind com-
ents. With regards to the suture technique, we have not found

hat the use of the mattress sutures is a problem with regards to
istortion of the root, and quite frankly, we just find it easier to
se as a teaching technique with the wide variety of individuals

n that role that are encountered.
I agree with all of your indications for the use of bioroots. We

ave used it for all the indications that you have listed. However,
agree that there is a wide variety of patients in whom this

pproach can be employed, including those with endocarditis,
ounger individuals wanting to avoid anticoagulation, and pa-
ients with small roots in whom the hemodynamic advantages of
he stentless valve make it preferable over the mechanical or the
tented bioprosthetic valve.

R JOHN S. IKONOMIDIS (Charleston, SC): Can you compare
nd contrast for us the utility of this device vs use of a composite
rosthesis consisting of a stented bioprosthesis sewn to a Da-
ron [DuPont, Wilmington, DE] graft?

R COSELLI: Quite simply, the superior hemodynamics for any
iven size is better with the stentless valve than for the same size
nd virtually any stented valve or mechanical valve. So I think

herein lies the primary advantage.
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