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Abstract

Background: We studied the determinants of hemodynamics andyzeth the incidence, risk
factors, and clinical impact of pulmonary homogrfsfunction following Ross surgery, after a 20-

year follow-up at our referral center.

Methods: From 1997 to 2017, a total of 142 patients undatwargery using the Ross procedure. The
development of moderate-severe stenosis (peakhvereyraft pressure gradient36 mmHg), and
surgical and/or percutaneous Ross homograft remméons, were evaluated by echocardiography in

the immediate postoperative period and at anntedvals.

Results: After 20 years of follow-up, 31% of patients hadveleped moderate-severe homograft
stenosis, and 9.1% had had to undergo one or tidereentions, of which, six were valve
replacements, and seven were percutaneous intemvenft 1, 5, and 20 years, 89.4%, 74.6%, and
69% of these patients, respectively, were free frootderate-severe stenosis, and 99.3%, 95.7%, and
90.9%, respectively, had freedom from homografitezvention. The pediatric group had a higher
risk factor for homograft stenosis (hazard rati&R]t3.70; 95% confidence interval [CI]:1.56-7.31;
0.002), while donor age behaved as a protectiveorfa@iR:0.98; 95%CI: 0.95-0.9%= 0.044).

Pulmonary homograft stenosis tended to appeaeifingt year (10.6%) or at 5 years (25.4%).

Conclusions: Pulmonary homografts implanted in the Ross procediifer satisfactory long-term
results, but the level of homograft dysfunctiomé negligible. Young recipient and donor age were
associated with a higher rate of homograft stenakisng follow-up. Moreover, homograft
dysfunction usually occurred during the first feaays of follow-up, which may have been related to

immune responses.



Despite continuous technological advances, thel igpeasthesis for human heart valve
replacements has not yet been developed. Howenee $967, the Ross proceduhas proven to be
a valuable alternative to aortic valve replaceniermhildren and young adults. Autografts such &s th
Ross procedure have excellent hemodynamic chaisittsy growth capacity, a low incidence of
thromboembolic events, do not require anticoagul@eatments, and are very resistant to the
appearance of endocarditis. Therefore, the uselaignary autografts in leading centers of expertise
has become a more common alternative in the marexgeai aortic valve disease, especially in

children, women of childbearing age, and youngemasi, albeit with an implicit learning cur¥é.

However, in recent years, increasing attention fasused on the dysfunction and
hemodynamic complications associated with theseniattions in both the immediate and late
postoperative periods. One of the most common deatpns in this setting is pulmonary homograft
stenosis (PHS), which can appear during followingzatients who underwent the Ross procedure. To
date, very few echocardiographic studies examintihg occurrence of pulmonary homograft
dysfunction have been published. However, substiar@search showing excellent long-term survival,

the absence of reinterventions, and a high patjeality of life has been publishéd.

Here, we analyzed the incidence and clinical imgdgtulmonary homograft dysfunction in
patients who had undergone the Ross procedurer atenter during their follow-ups over 20 years.
We considered three main elements in this studg #ppearance of PHS, the need for

reintervention(s), and possible predictive facassociated with these complications.
Patientsand Methods
This study was approved by the Regional BiomediRalsearch Ethics Committee in

Andalusia, Spain. Patient consent was not requimethis study because of its retrospective design.

Study Design



It was an observational, descriptive, longitudirgadd retrospective study of 142 patients who
underwent the Ross procedure at our center fronT 18November 2017, inclusive. We excluded
patients who underwent the Ross-Konno procedurerdier to avoid the potential effects of right
ventricular outflow (RVOT) distortion on the homadr function outcomes measured. We recorded
adverse events related to pulmonary homograftd) sscpulmonary homograft regurgitation (PR),

PHS, and/or the need for reintervention(s) durirggfollow-up interval.

Because of the low rate and degree of PR that apgéathis series, we decided to focus our
analysis only on PHS. According to the 2006 AmeriCollege of Cardiology and American Heart
Association guidelinés stenosis homograft dysfunction with a transhomfigpressure gradient

(TPGyeak= 36 mmHg) is considered equivalent to a moderatersestenosis.

We considered homograft replacements, as well esifagmeous interventions (valvuloplasty,
stent placements, or percutaneous implantation @bd pulmonary valves) as reinterventions. The
indications for reintervention included significdamamograft functional impairment with symptomatic
worsening (functional class > IlI) and/or an objeetivorsening of right ventricular function versus
progressive dilation of the right ventricle. Anathgossible indication was infective endocarditis

refractory to medical treatment.

In the reintervention, we used the percutaneoligvienplant as the first-choice procedure,
except in cases of inadequate homograft size omvthere was insufficient distance between the

homograft and the left coronary artery.

Surgical Ross Technigque
The procedure was carried out according to thenigolke described by Donald Ross and

published at the end of the 1980s by Stelzer gtusing the autograft as a free root.



The RVOT was reconstructed in every case by usimgimonary homograft cryopreserved in
liquid nitrogen at —196°C that had been treatethatSectorial Tissue Bank Institution following the
standards established by the Spanish Associatidiisstie Bank8.Human leukocyte antigen (HLA)

typing and ABO compatibility were not performed fogistical reasons.

The diameter of the homograft was selected basedtbaoretical range determined using the
patient body surface area (established in the dafdenmonly used in cardiovascular surgery), with an
oversized Z-score < 3, except in the pediatric gravhere we usually implanted homografts with a
higher size Z-score to try to compensate for thterahgrowth of these patients. All our patientseve

postoperatively treated with low-dose aspirin.

Echocardiographic Measurements

After surgery, all the patients were clinically lteabed-up, and echocardiography was
performed in our center in the immediate postoperaieriod and at annual intervals by cardiologists
and the cardiovascular surgeon responsible for eash. An identical echocardiography protocol was
used to study the structure and function of thenpulary homogratft in all the cases using an Acuson
Sequoia 258 cardiac ultrasound machine (Siemens, Mountain Vi€, USA) and an iE33
ultrasound system (Philips, Amsterdam, The Netheda Among other data collected, the valvular
structure and function were evaluated with two-disienal and Doppler echocardiography. The peak
and average pressure gradients, size of the pulpmamaulus, and the size and function of the right
ventricle were measured using the transvalvulaw fi@te by applying the modified Bernoulli

formula®

Statistical Analysis

The data were analyzed using SPS8ftware (version 25; IBM Corp., Armonk, NY), aat
the measurements were expressed as the mean arstateliation. We usegf tests, Fisher exact
tests, and Student'stests for the univariate analyses, and demograpinid preoperative or

postoperative data were compared between the grugipg unpaired-tests.P-statistic values < 0.05



were considered significant, with 95% confidenctenvals and with a statistical power of 80%.
Possible determinants of PHS were assessed usmgtiple logistical regression model. Finally, we
used Kaplan-Meier analysis to represent the prdibalmf freedom from stenosis or homograft

reinterventions at several time points during tBe/@ar follow-up.

Results

Preoperative Patient Characteristics

As shown inTable 1, from 1997 to November 2017, a total of 142 patiamderwent the
Ross procedure at our center: 98 male (69%) arfdmdle (31%). Of the overall sample, 32 (22.5%)
were children aged under 16 years (according todst@ized criteria used in the pediatric area at ou

center).

Follow-up

After 20 years of follow-up (median 15 y; range=17y), a total of three deaths had been
recorded in our series. One was an intraoperate@hdin a pediatric patient with a complex
congenital heart disease (severe aortic stenosiscaarctation of the aorta), another died after
reintervention of the autograft for a pseudoaneuryand the third patient died due to extrinsic
compression of the left coronary artery during steplantation over the homograft. A total of 31%
of patients had developed moderate-severe PHS dyettid of the follow-up. The appearance of
pulmonary stenosis generally occurred in the fiest postoperative years: 10.6% in year 1, and
25.4% in year JFigure 1). Regarding the homograft reinterventions, 13 p#i€9.1%) had had to
undergo oner(= 8) or two reinterventions1(= 5), of which 6 (46.1%) were valve replacements an
(53.8%) were percutaneous interventions. One dfetlpatients required homograft replacement due

to endocarditis, which had been refractory to madieatment.

The rate of freedom from the occurrence of modesatere PHS was 89.4% at the first

follow-up in year 1, 74.6% at 5 years, and 69% bg 20-year follow-up(Figure 2A). When



separated by age groups, 75.4% of adults versusid & pediatric group were free from moderate-
severe PHS at the last follow-(Bigure 2B). In years 1, 5, and 20, 99%, 95.7%, and 90.9%ef t
patients, respectively, had freedom from homogmifttervention(Figure 2C). When separated by
age groups, 92.7% of adults compared to 84.4% efptdiatric group had remained reintervention
free by the last follow-up at 20 yedisigure 2D). Only 7% of patients had developed PR > grade 2,
but they had freedom from any reinterventions fois treason. All the surviving patients were
classified as functional class |, and 14.5% of sagéth severe pulmonary stenosis, remain under

close clinical surveillance.

Univariate Analysis

In the univariate risk analysis fable 2, the pediatric age of the homograft recipient beba
as a risk factor both when expressed either asmmmts or dichotomous values. Moreover, the
pediatric group had a higher risk of homograft et (hazard ratio [HR]: 3.70; 95% confidence
interval [Cl]: 1.56-7.20p = 0.002), while the donor age was a protectiveofa@tiR: 0.98; 95%CI:
0.95-0.99p = 0.044). A history of previous surgeries and miedithomograft techniques also tended
to be associated with the development of modematere PHS, but these factors did not reach
statistical significance. Other variables suchexspient sex, donor sex, freezing time, and theafise
blood products were not significantly associatethwhe development of moderate-severe PHS during

the patient follow-up.

Probabilistic Analysis

The risk of developing moderate-severe PHS or ragguieintervention over time was higher
during the first 5 years post-surgery but signifiiba decreased after 10 years of follow-{fgures
3A and 3B). When we analyzed our data by age group, the piliyaof freedom from moderate-
severe PHS at 1 year, 5 years, and 15 years, wWas ®%, and 74% in adults and 95%, 80%, and
44% in children, respectivelp,= 0.0045(Figure 3C). The probability of freedom from reintervention
during the 20-year follow-up was higher in the adubup than in the pediatric group but was not

statistically significantgg = 0.25)(Figure 3D).



Discussion

The most frequent pulmonary homograft complicatifter the Ross procedure was stenosis.
In our series, 31% of our patients developed mddesavere PHS, and 9.1% had to undergo one or
more surgical or percutaneous reinterventions aved-year follow-up period. In terms of remaining
stenosis free during the 20-year follow-up, oumlisswere similar to those already reported in the

1% Nonetheless, some studies such as that by Meklak’, which included 1,624 patients,

literaturé
report higher rates of remaining PHS-free, perHagsause of differences such as the inclusion of
patients aged over 16 years and the use of angevéwllow-up period of 5.5 years. In another study
by David et af?, of the 212 patients included, 25 had developgdlmonary homograft dysfunction

over a 20-year follow-up, but only 8 had been reraped. Other series have shown 10-20-year

reintervention-free rates ranging from 92% to 959

There seems to be a non-linear propensity for theldpment of PHS over time; patients
appear to have a higher probability of developiraparate-severe stenosis during the first few post-
surgery months or years, which could indicate tivelvement of host reactions against the homograft
in the immediate postoperative perfddn our sample, most homograft dysfunction occuméthin
the first 5 years (10.6% in year 1 and 25.4% i y@acompared to 31% by the end of the follow-up.
As shown in our previous wolk immune mechanisms predominate during this peridtch points
to possible involvement in the development of tHéSP Interestingly, Travelli et af. reported
evidence for the increased durability of pulmonagmografts when ibuprofen prophylaxis was
administered. Similarly, Andrew et H|. showed excellent results by treating pulmonarynbgraft
patients with ibuprofen postoperatively and themsitioning them to lifetime aspirin. Therefore, it
appears that the anti-inflammatory effect of aspirse in these patients contributes to homograft
durability. These studies indicate that after atialhphase of homograft dysfunction, cases of PHS
and reintervention stabilize, with no apparent hgrati deterioration caused by long-term

degenerative effects when prophylactic aspirinsisdu



Very few studies have found a relationship betweemune discordance and homograft
stenosis, so the need for typing remains contrialerldeed, for logistical reasons, we did not
perform HLA typing and ABO compatibility tests inuioseries. However, any viable cells capable of
expressing surface antigens remaining in the grvedtdd have triggered a systemic immune response
against the receptor HLA antigens in the recipifsand so, when available, we tried to use ABO-

compatible homografts.

Another predictive factor, recipient age, was digantly associated with the development of
homograft stenosis during the follow-ups. The oélstenosis was more than three times higher in the
pediatric group than in the adult group. Howevie pediatric group did not have a significantly
higher risk of requiring reintervention. In our iear, the reduction in homograft diameter was higher
the pediatric group (about 23.1%) during the fipstst-intervention year compared to the 12.3%

reduction observed in adult homograft patiepts 0.005).

Young donor age also behaved as a risk factoreiotarvention and early dysfunctiomhile
homografts from older donors showed a lower JR@uring follow-up. Similar results were reported
in studies such as those by Kalfa ef’aind Hérer et . It may be because the tissues from younger
donors are more viable, which could cause a mdrestarecipient immune response. Thus, the use of

homografts from older donors should be considargte future for the Ross procedure.

We used a modified technique (adventitia resecéind reduction of the muscle skirt) to
prepare the homografts we used in the patients filwenlast few years included in this study.
However, the differences in the results we obtailoedhese patients were not statistically sigmifit
(p = 0.067), and we observed a tendency towards a dmatéacidence of homograft dysfunction in
more recently operated patients. Nonetheless, Neydmet af? reported that the use of this surgical

technique determined pulmonary homograft complcestin their study.



In our center, we systematically implanted ovesib@mografts concerning the recipient.
Only four patients received a homograft with a dégan of less than 22 mm. We did not observe any
association between the size of the homograft hadetolution to PHS, although there was some
linear association in terms of size. A recent stbgyOeser et & which included 274 patients
followed-up for 25 years, showed similar ratesreBtiom from stenosis and reintervention, as well as
dysfunction predictors, as those in the sample egeribe here, with the use of oversized graftsgoein
a protective factor for the appearance of stenddi® study by Razzouk et #l.concluded that
homograft sizes exceeding 24 mm had higher ratégefiom from reintervention, while the study by
Karamlou et af’ concluded that the implantation of an oversizechdgraft had no benefit. Of note,
Kalfa et af®. showed that small graft sizes (less than 22 merpwa possible risk factor for pulmonary
homograft dysfunction. Likewise, in a study of 74tipnts by Lenzi et &f, a homograft size of less
than 21 mm and a pulmonary homograft Z-score ofmn®or > 3 mm, were considered risk factors.
Thus, given the disparity of the results curremtailable in the literature, future research shdigd

designed to study this aspect in more detail.

A recent publication by Pardo et’8lwhich followed up 107 patients for 15 years, doded
that the use of blood products was not signifigaasisociated with homograft dysfunction. It cortsas
with our previous work carried out in a group of @dients for a mean of 27 months, which indicated
that the use of blood products in the perioperatiggod was higher in the group with pulmonary
stenosi&’. However, the results we obtained in this curstntly, which had both a more extended
follow-up period and a larger sample size, diffemi our previous findings because here, we did not
find any association between the use of blood mtsdand homograft stenosis. Thus, more work will

be required to clarify this situation.

Finally, in our center, we continue to use cryopresd homografts. No previous studies have
shown the superiority of new substitutes such agneojugular vein grafts over cryopreserved
homografts. Indeed, in a study including 379 pasiearried out over 12 years, Ugaki et al. condiude

that the use of bovine jugular vein conduit for RWQ@econstruction was associated with a

10



significantly higher incidence of bacterial endaii¢ and conduit deterioration as a late

complication®

Study Limitations

There are limits to the ways this data can be pnéted because it was a single-center
observational study and so the sample size wadesntizhn other series, and, as a result, its Statis
power was more limited. Also, the low incidenceeotnts, especially reinterventions, prevented us
from drawing definitive conclusions about our asaly of possible stenosis or reintervention
predictors. Similarly, the results from our Kaplsieier estimations for survival and freedom from
pulmonary homograft reintervention over a 20-yeatofv-up should be interpreted with caution

because relatively few patients were at risk, @afigén the pediatric group.

Comment

Although this sample was relatively small, here wevide our long-term follow-up
experiences from a pioneering Spanish center dfliexce. We believe that the advantages of using
pulmonary autografts to treat aortic valve disedaseappropriately selected patients and at an

experienced center, outweigh the disadvantagegedefiom the procedure itself.

Pulmonary homografts carried out using the Rossqutare continue to offer satisfactory
long-term results, but homograft dysfunction is mefgligible, with moderate-severe stenosis and
reintervention rates at 20 years of 31% and 9.¥4pectively. Young recipient or donor age was
associated with a higher rate of homograft stenahkising follow-up. Moreover, homograft
dysfunction occurred significantly more often dgrithe first few years of follow-up, which may be
related to immune responses. Future work shouldsf@n the separate analysis of larger cohorts of

pediatric and adult patients in order to improwe tthbustness of the univariate analyses.
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Table 1. Baseline characteristics of patients undergdmegRoss procedure

Total Adults Pediatric (aged <16 years)
(n = 142) (n = 110) (n=32)
Recipient age (years) 28+11.8 32.248.6 11.8-3.8
[3-51] [17-51] [3-16]
Recipient sex
Male 98(69) 77(70) 21(65.6)
Female 44(31) 33(30) 11(34.4)
Congenital etiology 91(64) 59(53.6) 32(100)
Previous cardiac surgery 34(24) 19(17.3) 15(46.9)
Donor age(years) 42.8+13.1 44.3+12.1 37.4+15.3
[15-69] [16-69] [15-54]
Donor sex n=127
Male 81(64) 67(67) 14(51.9)
Female 46(36) 33(33) 13(48.1)
Pulmonary annulus(mm) | 21.6+3.9 23124 16.6:4.1
Freezing time(months) 6.9+8.8 6.#49.5 7.3110.4
[0.2-56.7] [0.9-54.2] [0.2-56.7]
Homograft size(mm) 25.5+2.8 26t 2.6 23.%3
[16-32] [22-32] [16-32]

Data are expressed as frequency (%) or mean tasthddviation.
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Table 2. Cox proportional hazards regression for homogag#function. Univariate predictors for

homograft dysfunction (peak transhomograft presgtadient> 36 mm Hg)

Rate of outcomes HR (95%Cl) P

Preserit Absent P

Pediatric group (< 16 years) 13/32(40) 29/112(26) .0005 3.70(1.56-7.20) 0.002

Previous cardiac surgery 13/15(86) 19/127(20) 0.091  2.22(0.93-5.05) 0.07

Homograft size (mm) 0.92(0.77-1.12) 0.45

Freezing time (months) 1.16(0.70-1.90) 0.60

Use of blood products

Total blood products (units) 1.00(0.99-).01 0.71

Cl: confidence interval; HR: hazard ratio; a. Data expressed a#n (%).
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Figure Legends

Figure 1. Evolution of the percentage of patients who depet moderate-severe PHS. PHS:

pulmonary homograft stenosis.

Figure 2: Kaplan-Meyer analysis of freedom from moderateesestenosis (TR 36 mmHg) and
freedom from pulmonary homograft reinterventionrgécal or percutaneousp: Moderate-severe
PHS freedom of the total serid®. Freedom from moderate-severe PHS by age gr@lipBreedom
from reintervention of the total series homogrBit.Freedom from reintervention of the homograft by

age groups. PHS: Pulmonary homograft stenosis. TR&ishomograft pressure gradient.

Figure 3. Risk model for homograft dysfunction and reintervention (satgic percutaneous) after
the Ross procedurd\: Probability of moderate-severe PHS freedd@n.Probability of homograft
reintervention freedonC: Probability of moderate-severe PHS freedom by age gréupgzobability

of homograft reintervention freedom by age group. PHS: Pulmonary homografistenos
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