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L eft ventr icular  outflow tract obstruction in neo- 
nates and infants encompasses a variety of anatonl- 

icaI defects, ranDng fi'om isolated aortic valve stenosis 
or  discrete subaort ic  stenosis to the more complex tun- 
nel subaort ic  stenosis that is often associated with hy- 
poplasia of the aortic vah'e. Whereas balloon dilatation 
for congenital aortic vah'e stcnosis and membrane enu- 
cleation for discrete subaortic lesions are well-estab- 
lished approaches for  discrete vah 'ar  or  subvalvar  ol)- 
struction, more diffuse disease involving several levels 
of left ventr icular  outflow tract (LVOT) obstruct ion 
presents a theral~elltic challenge. 

The ideal treatment of complex LVOT obstruction com- 
pounded by critical aortic stenosis or severe valve dyspla- 
sia has yet to be identified. When the left ventricle is not 
sufficiently developed to support the systenlic circulation 
or when multiple levels of LVOT ol)struction coexist with 
nfitral valve stenosis and left ventricular hypol)lasia con- 
version to a single-ventricle physiolo~" may be the lmth - 
way of choice. In the group of patients who are candidates 
for a two-ventricle repair, alternatives include root-en- 
largfing procedures combined with placement of valve 
prosthesis or allograft, left ventricle to aorta valved con- 
duit placement and pulmonary autoD'aft root replace- 
ment with aortoventriculoplasty (Ross-Konno proce- 
dure). Mechanical valves, with their size limitations as 
well as lifetime anticoagulation requirement, play only a 
nlinor role in the treatment of a neonate. Aortic allografts 
have been proven to be of linfitcd dnrability in tile 
younger patient poptdation. It is in this polmlation of 
hffants, where a two-ventricle repair remains a viable 
option, that a Ross-Konno operation may provide the best 
chance for a complete relief of obstruction and reasonable 
long-tcrln dural)ility. 

First described in 1967, the Ross procedure utilized the 
puhnonary autograft for the replacement of a diseased 
aortic valve and an allograft to replace the transplanted 
pulmonary valve, l It has become an attractive option for 
young individuals with aortic root patllolo~' not amena- 
ble to relmir, with well-documented excellent long-terln 
results, e-~ Both experimental as well as clinical data have 
sho~al that the pulmonary autograft can tolerate the aor- 
tic diastolic pressures and fimetion well in the aortic 
position. It is free of the high early failure rates observed 
with aortic homoD'afts and avoids the problems of sizing 
and anticoaDdation seen with mechanical valves, 5 al- 
though late dilation and valve failures do occur in a snmll 
percentage of Imtients. Finally, it has been shown to have 
potential for growth in the LVOT position, making it ideal 
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for even the yolmgest individuals. 6,7 The Ross procedure, 
however, in its initial form was applied only to those 
"suitable" cases with nearly perfect size nlatch l)etween 
the aortic and pulmonary valves. It was not until tile 
lmlnlonary autograft was combined with tlle Konno aor- 
toventrieuloplasty a that it became such an attractive op- 
tion for young lmtients with diffuse LVOT stenosis asso- 
ciated with si~fificant aortic valve stenosis or dysplasia. 

The Ross-Konno procedure  is not without disadvan- 
tages. The ventricldoplasty carries a risk of heart  
block, while the mobilization and reimplantation of tile 
coronary arteries is associated with sonic morbidity 
and residual ventricular septal defects are occasionally 
seen. In addition, the 1)rocedure converts a single-vah.e 
to a doul)le-vah, e ol)eration making it a more techni- 
call)' challenging undertaldng. 

•  C O N S I D E R A T I O N S  

Tile siDlificant iml)rovenlent ill tile mortality and morbid- 
it)" associated with the Ross procedure fi'om it's inception 
to tile present reflects not just the learning curve l)ut also 
a more thorough understanding of tile involved anatomy. 
Ross, in his initial exl)erience with the procedure, noted a 
very high incidence of rhythm almormalities as well as 
electrocardiogram findings consistent with myocardial 
ischemia. Ite noted that those abnormalities were not seen 
in those lmtients who underwent homoD'aft replacement 
of the aortic valve. After a detailed analysis of tile anat- 
omy of the puhnonary artery root, he concluded that the 
first portion of the left coronary system is in close prox- 
inlity to the posterior surface of the Imhnonary artery. In 
lmrticular, the first septal perforator,  the source of blood 
supply to tile right bundle branch,  is located close to the 
puhnonary valve, hence it is susceptible to injury. 9 This 
discovery led to tile modification of the original technique 
with subsequent "elmeleation" of tile pulmonary valve 
along tile posterior wall to avoid injury to these vessels. 
Postoperative rhythm disturbances are still comnlon, 
however, possibly related to the severe left ventricular 
hypertrophy seen in most of the candidates for the pro- 
cedure (CHOP data). 

Anatomic considerations apply to tile Konno proce- 
dure as well. '~ To avoid injury to the conduction sys- 
tenl, the location of the ventr icular  septal incision must 
be to the left of the right coronary ostium. Once the 
annulus is divided, the septal incision is extended in an 
oblique and nearly transverse direction to the left of 
the conal papillary muscle of the tricuspid valve. 
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SURGICAL TECllNIQUE 
Over the years,  several different pulmonary autograft  
implantation methods have been developed, ll The one 
most commonly used, aitd the one we utilize in the 
Ross-Konno procedure ,  is the technique of root re- 
placement of the ascending aorta with the antograft  
puhuonary  ar tery conduit.  12 Other methods proposed,  
such as free-hand subcoronary  implantation and incht- 
sion root replacement,  have fallen out favor  either a 
rcsuh of technical difficulties or size discrepancy be- 
tween the aortic valve anmdus and thc atttograft annu- 
lus. The root replacement technique, when combined 
with an annulus enlarging procedure ,  can be used with 
good results even with the significant size difference 

between the atttograft and the original aortic annulus in 
patients with complex LVOTO. 

The level of hypothermia utilized for the procedure  
is determined by the presence of  associated defects. 
Complex left ventricnlar outflow tract obstruction is 
frequently associated with some form of arch defect. 
Most often the arch anomaly,  such as an interrupted 
aortic arch or  aortic coarctat ion,  has previously been 
addressed and does not require  concurrent  repair  or 
revision. If, however,  arch repair  is necessary, a brief  
period of circulatory arrest  is often utilized. Otherwise, 
the procedure  is performed under  moderate  systemic 
hypothcrmia (28~ 
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][ After a standard median sternotomy is performed, the 
aorta is cannulated distally, close to tile origin of the innom- 
inate artery. This facilitates the exposure and subsequent 
dissection. The superior and inferior vena cavae are cannu- 
latcd separately. The aorta and tile pulmonary artery are 
extensively mol,ilized, and tile adventitial plane between the 
two vessels is dissected proximally, close to tile origin of the 
right coronary artery. The aortic arch is examined for any 
almormalities and landmarks are identified for subsequent 
incisions. Cardiopuhnonary bypass is initiated and the I m- 
tient is cooled. A left ventrieular vent is placed through the 
right s u p e r i o r  lmhnonary vein. 
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2 The aorta is cross-clamped and cardiopegia adminis- 
tered antegrade into tile root if there is no significant aortic 
regurgitation (AR) and dircctly into tile coronary ostia or 
retrograde if there is llrcdominant AR. After tile heart is 
arrested, the main pulmonary artery is divided anteriorly 
and obliquely to the left at tile level of the bifurcation. The 
lmlmonary valve is then inspected for any defects. 



3 If tile pulmonary valve appears normal, 
the puhnonary artery is eoml)letely tran- 
sectcd, and the surrounding adventitial tissue 
is mobilized using eautery and sharp dissec- 
tion proximally, down to the level of the right 
ventricular muscle. The excision of the puhno- 
nary autograft fi-om the right ventricular out- 
flow tract is then completed. 
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4 Tile right ventricular wall is incised first 
anteriorly, with tile position of this incision 
carefidly chosen to be below the sinuses of the 
lmlmonary vah'e. 
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The incision is carried medially and lat- 
erally towards the ventricular  septum and all 
infimdilmlar muscle flap is created lmsed on 
the expected depth of the ventriculoplasty that 
will be filled ill by RV frccwall muscle, the 
lmlmonary valve is "enucleated" from tile 
right ventricular  outflow tract posteriorly. 
This maneuver  prevents injury to the left an- 
terior descending ar tery  and tile first septal 
perfora tor  branch.  We prefer to use cautery 
to remove posterior attachments of the puhno- 
nary vah'e. Tiffs coagulates small vessels 
found in the area and prevents bleeding that 
may be difficuh to control at a later time. I f  
tile plan is to relmir the aortoventriculoplasty 
with a prosthetic lmtch, the extent of the in- 
fundilmlar muscle flap may be minimized. 
Once tlle pulmonary autograft  is removed, tile 
right ventricular  muscle rim, with exception of 
the infundibular flap, is trimmed to within 3 to 
4 mm of tile vah'e and thinned to prevent 
subaortic narrowing once it is sewn into the 
LVOT. Infants with complex LVOTO often 
have significant puhnonary hypertension and 
PV hyper t rophy,  making debridement of the 
thick RV muscle necessary. 

6 After the autograft  l)rcparation is com- 
pleted, attention is directed to the aorta and 
the aortic vah'e. Tile aorta  is divided distally 
above the comndssural attachments. I f  all 
arch defect, such as a coarctation or all inter- 
rupted aortic arch,  is present, it is repaired 
often with a combination of pr imary anasto- 
mosis and homograft  patch augmentation to 
create a good size match between the autograft  
and the distal aorta.  Discrepancy at tile initial 
suture line can cause dilation of the sinotubu- 
lar junction if too large and stenosis with ac- 
celerated autograft  valve failure if too small. 
Aortic buttons containing the coronary ar tery 
ostia are then excised and mobilized. The 
proximal aortic wall is removed down to 3 to 4 
mm from the base of the coronary sinuses. 
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The next step of the 1)rocedure is determined by tile size 
discrepancy between the l)uhnonary autograft  and the aortic 
annulus. I f  the size difference is only nfinor, aortic vah'e 
removal alone or an incision across tile annu]us such as the 
one used for Nicks valvuloplasty, may open the root suffi- 
ciently. 
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8 If  the aortic annulus requires more significant enlarge- 
merit, the Ross-Konno 1)rocedure is performed. Tile scptum 
is insl)cctcd, and the extent of the subaortic stenosis is de- 
termined. The aortic annulus and tile ventricular septum arc 
incised 4 to 5 mm to tile left of tile right coronary ostia or  
between the conmfissural at tachments of the left and right 
coronary leaflets. This incision extends in an oblique antl 
almost transverse direction, to the left of the conal 1)apillary 
muscle of the tricusl)id yah'e,  thus avoiding an injury to the 
conduction tissue. The incision into the sei)tum is carried 
down to just below the level of tile subaortic stenosis. An)' 
associated almormal tissue, such as endocardial fibroelasto- 
sis or hyl)ertroi)hicd muscle is resected at this point. 
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9 Tile l ,uhnonary autograft is then sized to tile left ventricular outflow tract. 
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l O  I f  tile aort ic  annuhls  requires  significant en largement  or  tile septal incision is too long to use the infundi lndar  muscle 
tlap, tile septal defect  is r epa i red  with a v-shalled l lrosthctic patch.  Tile au tograf t  is then anas tomoscd  to tile aort ic  annulus 
poster ior ly  and to the super ior  edge of the patch.  I f  tile septal dcfect is small ,  it can often be  then repa i red  with tile 
in f imdibula r  muscle flail. In infants with an associated conovent r icu la r  VSD, use of  tile in fund ibu la r  muscle flap is avoided,  
because tile thickness and  tile need to suture  to tile TV annulus  can cause inflow obst ruct ion to the PV.  

11 The lmlmonary  autograft  is anastomoscd 
to the LVOT x~ith a running absorbable suture,  
positioning tile autograft  so that the posterior  
sinus of the puhnonary  autograft  becomes the 
left coronary  sinus and the infundibular  nltlscle 
fits into the ventriculoplasty. After the first su- 
ture lille is completed, the proximal aortic wall 
remnant  is oversewn over  this anastomosis x~4th 
another  running suture to aid hemostasis. In 
addition, this maneuver  may llotcntially prevent  
late annular  dilatation. 
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1 2  The positions of the coronary arterics 
are determined, and,  after suitable openings 
are excised in tile lmhnonary artery,  the cor- 
onary ostia are anastomoscd to tile puhnonary 
ar tery with fine monofilament suture. 

\ 

1 3  Finally, af ter  being trimmed to appro-  
priate length, the distal lmlmonary ariel')" of 
tile atttograft is sutured to tile aorta.  Rein- 
forcemcnt of tile distal suture line with a strip 
of prosthetic material  is sometimes used in 
older patients to prevent  dilation of the sino- 
tubular  junction. 

\ 
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14 The final segment of tile procedure involves tile right ventricular outflow tract reconstruction, more conunonly using 
a pulmonary allograft. We routinely try to use tile largest possible allograft that will fit ill the chest to mininlize the need for 
future replacement. Most infants who come to autograft root and I{oss-Konno root replacement have some degree of arch and 
annnlar  hypoplasia,  in which ease tile pulmonary autograft  will be significantly larger than the native aortic annulus and tile 
ascending aorta.  After tile LVOT is reconstructed with tile autograft,  the location of the puhnonary lfifurcation tends to be 
posterior to the neoaorta.  Therefore,  to prevent any allograft kinking, corollary artery compression, or anastomotic stricture, 
it is advisable to extend the opening in the puhnonary bifurcation onto the left puhnonary artery.  The llomograft is sutured 
distally to the pulmonary bifurcation with a continuous nonabsorlmble suture, and proximally to the right ventricular outflow 
tract ill a similar fashion. Ilowever, because of the proximity of the septal perforating branches of tile LAD, the posterior 
sutures are taken only through the endocardium and partial  thickness of the myocardium so as not to compromise tile septal 
blood supply. 



1 5  Finally, because the autograft tends to 
be much larger than the original aortic annu- 
lus, it encroaches onto the right ventrieular 
outflow tract. The allograft then 'wraps'  itself 
around the 1)uhnonary autograft and the pos- 
terior I)roximal suture line will be placed onto 
or near the autograft annulus. 

1 6  Tile lmlmonary homograft is usually of 
sufficient size that additional lmteh auglnenta- 
tion of tile RVOT is rarely necessary. After 
completion of all of tile suture lines, the cross- 
clamp is removed. The patient is then re- 
warmed and weaned from bylmss. 
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R E S U L T S  

Despite tim early introduction of botll Ross and Konno 
surgical methods,  most of the data on i)uhnonary au- 
tograft nse in tim yomlgest i)atient i)opulation has only 
short term follow-up. Tile earliest experience with i)ul - 
nmnary autografts comes front the al)plieation of the 
Ross 1)roce(lure alone in chihlren and young aduhs.  
One of tile largest series comes from Elkins et al, wllo 
looked at their experience with the Ross procedure  
l)erformed in 86 yonng 1)atients (nlean age of 11). 7 
Their  results were excellent, with 96.5 + / -  2% actn- 
arial survival at 7 years and 96 + / -  4% freedom from 
reol)eration on the autograft  wllen done by tile root 
rel)lacement tecllnique. More inll)ortantly , lmwevcr, 1)y 
comparing the size of the aortic annulus to the body 
surface area,  they confirmed growth of the autograft.  
Tile Ross-Konno modification represents a subset of 
patients undergoing a pulmonary autograft replace- 
ment in most publislled reports.  Starnes et al have 
sllown excellent results in their series of 24 pediatric 
patients who underwent  a Ross procedure.  ~3 In this 
groul), eigllt i)atients lind colnplex LVOTO and re- 
quired ventriculoplasty as a part  of tlle l)rocedure. 
There  were no perioperative or late deaths,  and fol- 
low-up ccllocardiograms showed good fllnctional re- 
suits (mean flu of 13.5 + / -  months). 

Our own recent reported exl)erience includes 66 l)a - 
tie'its, with median age of 10.8 years,  operated at 
CHOP between Janua ry  1995 and October 1998.14 
Twenty-five of these l)atients had nmhil)le levels of 
LVOTO, witll 17 undergoing a Ross-Konno I)rocedure. 
There was a single mortality in tim entire groul), in a 
1)atient who underwent  a combined Ross-Konno proce- 
dure  and redo arch reconstruction,  and wllo died sud- 
denly on 1)ostolterative day 3 secondary to a cardiac 
arrhytllmia.  The most conlnlon morbidity seen was ar- 
rhythnlia,  wlfich occurred in 64% of tile 1)atients with 
complex hear t  disease. However, none of the l)atients 
developed coml)lete lleart block despite annular  en- 
largement in 19 of 25 patients within the coml)lex 
group. An earlier exl)erience front St. Louis witll the 
Ross l)rocedure also documented very good fnnctional 
results. 1~ Thir ty- three  1)atients (mean age of 31.4) with 
aortic vah'e disease underwent  a Ross 1)rocedure. Se- 
rial ecllocardiograms were obtained and,  at a nlean 
follow u I) of 24 montlls, slmwed good atttograft flmction 
without late onset aortic regnr~tat ion.  

Several  o ther  series llave sllown similar resnhs .  
Re(ldy et al r epor t  11 patients ,  age 4 clays to 17 years  
(median 12 months)  who underwent  a Ross-Konno 
oi)eration. 16 The re  was one ear ly  mor ta l i ty  and no 
late deaths or reopera t ions .  Follow-up ranged f rom 2 
weeks to 16 montlls with follow-up echo showing mihl 
aortic insufficiency in only one pat ient .  Recent ly ,  
Ollye et al r epor t ed  10 patients with a median  age of 

16 days and median follow-ul) of 48 mollths,  who 
underwent  a Ross-Konno 1)rocedure.~7 There  were no 
deaths.  On follow-up, no a n n u l a r  di latat ion was 
noted and no reoperat ions  for  the pu lmonary  au- 
tograft  were requi red .  Tile nlost recent  repor t  is from 
Eraz et al wllo presented  tlleir combined experience 
witll Konno aortovcntricnlol) last ies and the Ross- 
Konno i ) rocedure  including 15 1)atients wllo under -  
went Ross-Konno p rocedure ,  ranging in age from 7 
(lays to 15 years  (mean of 5.4 years) ,  la There  was one 
operat ive morta l i ty ,  and one 1)atient rcqui rcd  a per-  
mancnt  pacemakcr .  Follow-u l) ranged fronl 5 nlonths 
to 3.7 ycars  (mean of 2.1 years)  witll two late deaths.  
Nonc of thc paticnts r equ i rcd  reopera t ion .  Although 
the follow-up was not as long, these rcsuhs  contras t  
str ikingly witll tlleir cxpcr icncc with the Konno pro- 
cedure  with mechanical  or  biological valve replace- 
nlent. All of tim paticnts with tissue valvcs rcqu i red  
a reopera t ion  within 10 years ,  and 48% of thc pa- 
tients witll mechanical  valves needed  addit ional  sur- 
gery within 15 )'ears. 

A n u m b c r  of addi t ional  case reports  and small 
series llavc been 1)ublished descril)ing application of 
tile Ross-Konno p roccdu rc  to varions fornls of tlle 
LVOTO. 19-',3 

S U M M A R Y  

Tile teclmiqne of aortic valve rcplaccnlent witll tile 
i)ulmonary autograft was originally described by Ross 
in 1967. Aortoventriculoplasty was first described by 
Konno in 1975 and was used for  aortic valve replace- 
ment using a mechanical I)rosthesis. Since then, various 
refinements in both procedures as well as wider awfil- 
ability of eryopreserved allografts llave permitted in- 
creasing application of the combined surgical approacll 
in infants and small chihlren. Tile Ross-Konno combi- 
nation became part icularly appealing in the treatment 
of conlplex left ventricular  tract  obstruction tllat is 
often not amenalde to sinlpler teclmiqnes such as open 
valwdotomy or lmlloon vah'uloplasty. The Ross-Konno 
technique offers a nunlber of advantages over tile two 
ahernatives of meclmnical or allograft valve replace- 
ment. It has a low risk of thromboembolism and pros- 
thetic valve endocarditis,  and avoids tile lifetime anti- 
coagulation requirement  and tlle size limitation seen 
with tile mecllanical valves. It also seelns to be free of 
the rapid degeneration observed with tim allografts, 
lmrticnlarly when placed in the aortic position. How- 
ever, tile pr inmry advantage of tile pulmonary att- 
tograft over tim other two choices is its apparent  po- 
tential for growth in tlle aortic position. Confirnled in a 
number  of sllort to intermediate term follow-up studies, 
tlm Ross-Konno tecllnique is at this time tlle superior 
option for definitive treatnlent of a conlplex LVOTO at 
an early age. 
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