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The pulmonary autograft, or Ross procedure, is now
a widely accepted treatment for aortic valve disease,
especially in children and young adults. During its 35-
year history, the early and long-term results of this
method have considerably improved due to the better
myocardial protection and refinements in surgical
technique (1,2). Currently, root replacement is more
popular than the original subcoronary approach (3).
However, debate continues on the indications and con-
traindications for the procedure. There are conflicting
opinions about the importance of factors such as the
diameter of the aortic annulus, the size mismatch of
the great vessels, and the aortic and pulmonary root
geometry (3-6). Hence, there is a requirement for a reli-
able method by which autograft performance may be
assessed on a quantitative basis.

The pulmonary autograft has already been investi-
gated using ultrasound and magnetic resonance imag-
ing (MRI) (7-9). Although in recent years
echocardiography has become the ‘gold standard’ for
the non-invasive measurement of aortic root character-
istics, little can be visualized in the native pulmonary
root with this technique. Potentially, MRI allows
detailed morphological and hemodynamic assessment
of both the aortic and pulmonary roots. The aim of the
present study was therefore to quantify the effects of
the size and morphology of the aortic and pulmonary
roots on hemodynamic performance of the autograft,
both pre- and postoperatively, using ultrasound and
MRI.

Clinical material and methods

Patients
The study group consisted of eight patients (six

males, two females; mean age 22 years; range: 13 to 35
years) who had been listed for cardiac surgery with
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Background and aim of the study: The diameters and
distensibility of the native pulmonary root and their
effect on pulmonary autograft performance were
examined pre- and postoperatively using cardiac
ultrasound and magnetic resonance imaging (MRI).
Methods: Eight patients undergoing the Ross proce-
dure were prospectively involved. The diameters of
the native aortic, native pulmonary and autograft
roots were measured at the level of the annulus,
sinus, sinotubular junction and in the main root
using MRI through the cardiac cycle. Ultrasound was
also used to estimate the degree of regurgitation,
both pre- and postoperatively.
Results: The pulmonary root implanted into the sys-
temic circulation increased in size but decreased in
distensibility significantly at the sinus, sinotubular
junction and main root, but not at the annulus.
Postoperatively, the pulmonary autograft annulus
showed a similar size and distensibility to that of the

native aortic annulus. A wide range of aortic annular
sizes (22-30 mm) produced clinically competent
valves postoperatively. All undersized pulmonary
valves showed only trivial regurgitation postopera-
tively. Although there was no clear correlation
between root shape and valve insufficiency, two
patients with mild and moderate autograft regurgita-
tion both had divergent pulmonary roots (diameter at
sinotubular junction > annulus diameter) preopera-
tively.
Conclusion: The pulmonary autograft using the root
replacement technique functioned well in all but one
case. The shape of the native pulmonary root may be
a determinant of early autograft regurgitation, as
well as the diameter and the size mismatch between
the great arteries.
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clinically diagnosed congenital aortic valve disease.
The patients were scheduled for aortic valve surgery
using the pulmonary autograft (Table I). The study
protocol was approved by the local Ethics Committee,
and informed consent was obtained to conduct the
MRI and ultrasound investigations. The patients were
imaged on the day before surgery and at three months
postoperatively using MRI and ultrasound.

Surgical technique
All operations were performed via a midline ster-

notomy with cardiopulmonary bypass (CPB) and
moderate hypothermia. After opening the pericardi-
um, the diameters of the aorta and the main pul-
monary artery were measured approximately 5 cm
above the annulus in systole (maximum diameter) as a
comparison for the MRI measurements. The heart was
arrested by cold blood cardioplegia. The coronary
arteries and aortic annulus were thoroughly inspected,
after which the aortic valve was excised and the pul-
monary autograft carefully harvested. The coronary
ostia were mobilized with an aortic wall button. In this
particular series of patients, the autograft was implant-
ed intra-annularly with 4-0 continuous polypropylene
suture interrupted at each commissure without any
reinforcement. After the inflow portion had been sewn
into the host annulus, the coronary arteries were re-
implanted in the autograft, without distortion. The dis-
tal end of the autograft was joined to the ascending
aorta with continuous 4-0 polypropylene suture in
such a way that any disparity between the distal end of
the autograft and the proximal end of the aorta was
equalized by the stitches. To complete the operation, a
fresh-frozen pulmonary homograft was implanted to
reconstruct the right ventricular outflow tract. CPB
was discontinued and the chest closed in such a way as
to allow a window above the autograft free of sternal
wires that allowed MRI to be carried out.

MRI
All patients were imaged using an ACS-NT Philips

(Philips Medical Systems, Best, The Netherlands) 1.5 T
MRI scanner (Release 6 software) using either a body
or cardiac imaging coil. To quantify the pulmonary
and aortic root sizes, a block of six sagittal (pulmonary
position) and coronal (aortic position) cine MRI slices
were obtained perpendicular to the annular plane
(pixel size 1.04 × 1.04 mm, slice thickness 4 mm).
Fifteen phases or images were obtained over one heart-
beat to provide temporal diameter changes.

To quantify pulmonary autograft hemodynamics, a
single velocity-encoded slice was obtained 0.5 cm dis-
tal to the autograft annulus. The slice was orientated
perpendicular to the root, and the through-plane (main
flow direction) velocity was quantified (pixel size
1.17 × 1.17 mm, slice thickness 6 mm, velocity range ±
150 cm/s). Around 22 phases or images were obtained
over one heartbeat, depending upon the patient’s heart
rate.

Ultrasound imaging
Ultrasound scanning was carried out on an Acuson

Sequoia 512 Ultrasound system (Acuson
Corporation, Mountain View, CA, USA). A 3V2c ultra-
sound vector array probe with a footprint size of 19
mm was used to assess qualitatively the valvular
hemodynamics both pre- and postoperatively. Using a
parasternal long- and short-axis and an apical long-
axis view of the autograft, the degree of valvular
regurgitation was assessed based on regurgitant jet
size according to standard protocols. A grading of triv-
ial, mild, moderate or severe was awarded.

MRI data analysis
Pulmonary, aortic and autograft diameter and dilata-
tion measurements

The pulmonary, aortic and autograft root diameters
were quantified at the annular, mid-sinus, sinotubular
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Table I: Patient information and preoperative pulmonary valve regurgitation (PPVR) measured by ultrasound.

Patient Age Sex Congenital Grade of Surgical
no. (years) condition PPVR procedure

1 14 M AS None Ross
2 25 M AS None Ross
3 13 M AS Trivial Ross
4 25 F Severe AR Trivial Ross
5 15 M AS Trivial Ross
6 27 F AS Mild Ross
7 35 M AS None Ross
8 22 M AS + LVOTO None Ross + septal

myectomy

AR: Aortic regurgitation; AS: Aortic stenosis; LVOTO: Left ventricular outflow tract obstruction; PV: Pulmonary valve.



junction and main root (5 cm distal to the annulus) lev-
els from the MRI images at normal systemic arterial
blood pressures. Any motion of the root relative to the
stationary MRI images would produce an apparent
change in root diameter. Therefore, the slice containing
the maximum root diameter at each of the four levels
was identified at each period during the cardiac cycle.
From this curve of diameter against time, the maxi-
mum and minimum diameters during the cardiac
cycle were obtained.

Root distensibility was calculated from the maxi-
mum (dmax) and minimum (dmin) diameters using the
following equation:

dmax – dmin% Distensibility = ____________ x 100dmax

A paired Student’s t-test was used to test significant
diameter and dilatation changes.

Valve shape and size mismatch
Valve mismatch was calculated in order to investi-

gate the effect of annular mismatch on the hemody-
namic performance of the autograft. This was achieved
by calculating the ratio of the average pulmonary
valve annulus diameter to that of the average aortic
valve annulus diameter. Valvular shape was also
determined by obtaining the ratio of the average sino-
tubular junction to the annulus diameter in the pul-
monary autograft both pre- and postoperatively. A
convergent root would have a ratio <1 (annulus > sino-

tubular junction), whereas a divergent root would
have a ratio >1 (annulus < sinotubular junction).

Results

The MRI measurements of the aortic and main pul-
monary artery diameters were compared to the intra-
operative measurements. The intraoperative diameters
were slightly larger than the MRI measurements (23.7
± 1.25 versus 22.2 ± 1.91 mm for the pulmonary roots,
and 37.7 ± 3.35 versus 35.7 ± 3.43 mm for the aortic
roots), though the differences did not reach the level of
significance (p = 0.08 and p = 0.28 for the pulmonary
and aortic roots, respectively).

Values of diameter and distensibility are listed in
Tables II-IV. The maximum diameter measurements (in
systole) showed that the native pulmonary root was
significantly (p ≤0.05) smaller than the native aortic
root, except at the annulus level. When transposed to
the aortic position, the autograft increased in maxi-
mum diameter, although significance was only evident
at the root and sinus levels. The autograft maximum
diameters remained less than that of the aortic root,
except at the annulus level, where it actually became
slightly bigger. In other words, during systole the auto-
graft root did not expand to the same size as the native
aortic root (Table II).

The minimum diameter measurements (in diastole)
also showed that the native pulmonary root was sig-
nificantly (p ≤0.05) smaller than the native aortic root,
except at the annulus level. When transposed to the
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Table II: Maximum diameter (mm) of the native pulmonary roots, native aortic roots and autograft roots measured at mid
systole.

Location Native Native Autograft
pulmonary aortic root

root root

Root (5 cm above 22 ± 2 35.7 ± 3.4 32.5 ± 2.3
annular level) p = 0.01 p = 0.007

p* = 0.43

Sinotubular 26 ± 3.5 31.1 ± 4. 28.9 ± 1.4
junction p = 0.043 p = 0.25

p* = 0.16

Mid-sinus 31.7 ± 2.6 41 ± 7.8 37.8 ± 7.3
p = 0.043 p = 0.023

p* = 0.09

Annulus 26.7 ± 1.9 28 ± 4.4 29.2 ± 6.3
p = 0.2 p = 0.19

p* = 0.26

p, versus native pulmonary root diameter.
p*, versus native aortic root diameter.



aortic position, the autograft significantly increased in
minimum diameter at all levels except at the annulus,
where there was a non-significant increase in diameter.
The autograft minimum diameters differed from the
maximum diameter results in that they were compara-
ble to the native aortic root measurements. In other
words, during diastole, the autograft root diameter
was nearly the same size as the aortic root (Table III).

The distensibility measurements (Table IV) showed
that the native pulmonary root exhibited greater dis-
tensibility than the native aortic root, though these
results were only significant at the sinus level. The
autograft, however, exhibited a reduction in distensi-
bility when compared to both the pulmonary and aor-
tic roots. Compared to the native pulmonary root,

distensibility of the autograft was reduced by around
30-50%, except at the annulus level, where no signifi-
cant difference was found in distensibility.

Ultrasound assessment of the pulmonary and auto-
graft valves showed that, preoperatively, all valves but
one had trivial or no regurgitation (see Table I).
Postoperatively, only one valve had moderate regurgi-
tation, whilst all others had either trivial or mild
regurgitation. The relationship between postoperative
regurgitant grading of the autograft and the pre- and
postoperative annulus diameter is shown in Table V.
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Table III: Minimum diameter (mm) of the native pulmonary roots, native aortic roots and autograft roots measured at mid-
diastole.

Location Native Native Autograft
pulmonary aortic root

root root

Root (5 cm above 16.7 ± 1.7 29.4 ± 4.0 28.6 ± 1.2
annular level) p = 0.002 p = 0.001

p* = 0.39

Sinotubular 20.2 ± 2.8 25.7 ± 3.3 26.5 ± 1.4
junction p = 0.006 p = 0.01

p* = 0.36

Mid-sinus 25.1 ± 2.2 34.7 ± 7.2 34.5 ± 5.8
p = 0.008 p = 0.008

p* = 0.38

Annulus 19.8 ± 1.6 21.0 ± 3.1 23.1 ± 4.2
p = 0.11 p = 0.12

p* = 0.37

p, versus native pulmonary root diameter.
p*, versus native aortic root diameter.

Figure 1: Pulmonary and autograft valve annulus
mismatch against autograft regurgitation.

Figure 2: The annulus to sinotubular junction ratio of the
native pulmonary and autograft roots against autograft

regurgitation.



Overall, no correlation was found between annulus
size and regurgitant grading. In particular, there was a
relatively large range of pre- and postoperative annu-
lus diameters (22-30 mm) with clinically competent
valves. However, the two autografts with mild and
moderate regurgitation both had relatively small aortic
and autograft annulus diameters before and after sur-
gery.

When comparing the preoperative pulmonary and
aortic annulus diameters within each patient (size mis-
match), it was found that all undersized pulmonary
valves (pulmonary annulus diameter < aortic annulus
diameter) showed only trivial regurgitation. However,
in the two patients with mild or moderate autograft
regurgitation, the valves were either matched or over-
sized (pulmonary annulus diameter ≥ aortic annulus
diameter), although the Fisher Exact significance test
did not show any significant difference between the
undersized and oversized autografts in terms of valvu-
lar regurgitation (p = 0.11) (Fig. 1).

Figure 2 shows that all autograft roots were slightly
divergent (sinotubular diameter > annular diameter)
postoperatively, and no correlation was found
between the degree of divergence postoperatively and
the degree of autograft regurgitation. However, both
pulmonary roots which were divergent preoperatively,
exhibited mild or moderate regurgitation after implan-
tation as an autograft.

Discussion

The Ross procedure has become increasingly popu-
lar during the past decade for the treatment of aortic
valve disease in young patients due to the excellent
mid- and long-term results obtained and the unre-
stricted life quality of patients postoperatively. The full
root replacement technique was introduced by Donald
Ross in 1974, and most surgeons have adopted the
newer technique (10). By using the root replacement
technique, the anatomical integrity of the pulmonary
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Table V: Native pulmonary and autograft annulus diameters and pre- and postoperative valvular regurgitation as measured
by ultrasound.

Patient Pulmonary Grade of Autograft Grade of
no. annulus preoperative annulus autograft

diameter pulmonary diameter regurgitation
(preoperative) regurgitation (postoperative)

1 24.9 None 20.7 Mild
2 22.2 None 26.8 Trivial
3 22.8 Trivial 30.1 Trivial
4 24.4 Trivial 26.7 Trivial
5 25.5 Trivial 26.9 Trivial
6 22.3 Mild 21.4 Trivial
7 22.6 None 25.2 Trivial
8 21.3 None 21.0 Moderate

Table IV: Distensibility* of the native pulmonary roots, the native aortic roots and the autograft roots.

Location Native Native Autograft
pulmonary aortic root

root root

Root (5 cm above 23.5 ± 6.2 18 ± 4.4 11.8 ± 3.6**

annular level) p = 0.037

Sinotubular 22.4 ± 4.3 20.6 ± 8.5 8.3 ± 4.1**

junction p = 0.003

Mid-sinus 20.8 ± 6.3 15.4 ± 7.1** 8.6 ± 2**

p = 0.034 p = 0.001

Annulus 25.7 ± 5.0 24.6 ± 6.3 21.4 ± 5.0

Distensibility = %
** p <0.05 versus native pulmonary root.



root is preserved, and this results in improved auto-
graft valve function, as well as helping to compensate
for any size mismatch between the great vessels
(11,12). Despite these advantages, occasional reports
are made of early autograft dilatation or aneurysm for-
mation after the root replacement technique (13,14). In
the present study, the native aortic and pulmonary and
autograft root dimensions were measured using MRI
to examine preoperative variables that might influence
postoperative autograft performance.

The results obtained supported previous findings
that the pulmonary root, after implantation into the
high-pressure systemic circulation, dilated during the
entire cardiac cycle at the level of the sinus, the sino-
tubular junction, and in the main root (15,16). This may
well be attributed to the fact that the minimum diame-
ter measurements of the autograft were made at the
systemic diastolic pressure of 70-80 mmHg, whilst the
maximum diameter of the pulmonary root was meas-
ured at the systolic pulmonary pressure of ~30 mmHg.
However, despite the significant increase in pul-
monary root diameter in the aortic position, it did not
reach the maximum dimensions of the native aortic
root. Previous morphological investigations showed
that the aortic wall and sinuses were thicker because of
a larger amount of collagen and smooth muscle cells
that resulted in differing elastic properties of the pul-
monary root compared to the aortic root (17). Thus,
there may be a morphological basis for the findings
that the autograft root is less distensible than the
native aortic root at systemic pressures.

The results presented also showed that the pul-
monary valve annulus did not increase in size signifi-
cantly after implantation as an autograft. This may be
due to the aortic annulus ring, which helps maintain
the dimensions of the autograft annulus even under
systemic conditions. Interestingly, the autograft annu-
lus diameter was found to be slightly larger than that
of the native aortic valve annulus, though the differ-
ences did not reach the level of significance. Most like-
ly, after excision of the thickened aortic valve - which
sometimes was calcified, thereby restricting the elastic-
ity of the native aortic annulus - it increased in size
compared to its original diameter.

The results of in-vitro hydrodynamic measurements
showed that the native pulmonary root is more disten-
sible than the native aortic root (18,19). When the pul-
monary root was implanted into the aortic position,
there was a decrease in distensibility at the sinus, the
sinotubular junction and in the main root at systemic
pressures. The loss of functional elasticity of the auto-
graft root under systemic conditions is vital in main-
taining normal leaflet coaptation and valve
competence, as was concluded by Nagy et al. on the
basis of their previous in-vitro model (18).

Interestingly, at the annulus, distensibility of the auto-
graft was similar to that of the native aortic valve,
which helps to maintain the excellent hemodynamic
performance of the autograft. This also means that the
continuous Prolene sutures did not fix the tissues, but
allowed at least a 20% dilatation of the annulus during
systole. Overall, the pulmonary autograft is most dis-
tensible at the annulus and less so further downstream
in the root.

There is also debate about the importance of the
absolute size of the aortic annulus. Some surgeons
have raised concerns about the feasibility of the Ross
procedure in cases where the aortic annulus diameter
is >27 mm (20). In the present small series there was no
clear correlation between annulus size and the degree
of regurgitation. In fact, there was a wide range of aor-
tic annulus sizes, in which the pulmonary autograft
was clinically competent after implantation. However,
the fact that the two autografts with mild to moderate
regurgitation were small sizes indicates that some fac-
tor other than annulus size might have an important
role on autograft competence.

The size mismatch between the native pulmonary
and aortic valve annuli is also believed to have an
important impact on the outcome of the procedure,
and most surgeons avoid undersizing the autograft to
prevent early regurgitation. In a previous in-vitro
study, no correlation was found between size mis-
match (oversized and undersized autografts) and the
hydrodynamic performance of the pulmonary auto-
graft (21). In the present study, all undersized auto-
grafts showed only trivial regurgitation
postoperatively. However, the patient with moderate
autograft regurgitation had a matching annular size,
and the other autograft with mild regurgitation was
slightly oversized.

The morphology of the pulmonary root and auto-
graft could be an important factor in early and late
autograft competence. David et al. (22) found that size
mismatch between the autograft annulus and sino-
tubular junction would lead to valve incompetence.
These authors also found that autografts with dilata-
tion of the sinuses - but not the sinotubular junction -
did not show signs of regurgitation (22). The present
results suggest that preoperative assessment of the
pulmonary root shape may be an aid to predicting
early autograft failure: both patients with autograft
regurgitation on echocardiography and MRI had
divergent pulmonary roots (sinotubular junction >
annulus) preoperatively secondary to elevated pul-
monary pressures.

The long-term results of the Ross procedure are gen-
erally satisfactory, apart from the few cases when early
autograft dilatation leads to aortic regurgitation. It is
therefore crucial for the surgeon to choose another pro-
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cedure in those cases when early dilatation might
develop. The aim of the present study was to identify
preoperative determinants for early autograft dilata-
tion and failure. The results obtained suggested that
preoperatively divergent pulmonary roots may be
more prone to dilate postoperatively under systemic
pressures. The only patient who developed early auto-
graft dilatation and moderate regurgitation in the
whole series of over 40 patients had a divergent pul-
monary root preoperatively. Interestingly, on removal
of the cross-clamp at operation, the autograft in this
patient dilated immediately much more than normal.
This dilatation has since progressed and reoperation
will be necessary in the future. The other patient with
a divergent pulmonary root continues to have only
mild autograft regurgitation. Therefore, the shape of
the pulmonary root will need further detailed investi-
gation in the future to better define its significance.
MRI may have the potential to identify such patients
preoperatively using a detailed investigation includ-
ing pulmonary artery geometry and wall thickness.
This would allow identification of these occasional
patients who are clearly not suitable to the Ross proce-
dure.

Study limitations
There were important limitations of the present

study. It is clear that eight patients was not a sufficient
number from which to draw significant conclusions,
but it was proven that the MRI was suitable for
detailed morphological assessment of the pulmonary
autograft, both pre- and postoperatively. In addition,
the follow up time was short, and longer follow up
will be necessary to assess long-term autograft per-
formance.

In conclusion, the pulmonary autograft dilated signifi-
cantly after implantation in the systemic circulation at
the sinus, sinotubular junction and in the main root
through the whole cardiac cycle. There was also a sig-
nificant reduction in the functional elasticity of the
autograft root. However, the autograft annulus did not
change significantly in size, and also maintained its
distensibility during the entire cardiac cycle. The aortic
annulus diameter and the size mismatch between the
aortic and pulmonary valve annuli did not play an
important role in early autograft competence in this
small series. However, the shape of the native pul-
monary root may be a useful indicator to predict early
autograft regurgitation: both incompetent autograft
roots were divergent (diameter at the sinotubular junc-
tion > diameter of the annulus) preoperatively.

Acknowledgements
These studies were supported by the National

Lottery Charities Board and the National Heart
Research Fund. The authors thank Gavin Bainbridge
and Tim Jones for the help with MRI scanning, and Gill
Wharton and the non-invasive ultrasound department
for help with the ultrasound imaging.

References
1. Stelzer P, Weinrauch S, Tranbaugh RF. Ten years of

experience with the modified Ross procedure. J
Thorac Cardiovasc Surg 1998;115:1091-1100

2. Bohm JO, Botha CA, Hemmer W, et al. The Ross
operation in 225 patients: A five-year experience in
aortic root replacement. J Heart Valve Dis
2001;10:742-749

3. Oury JH, Hiro SP, Maxell JM, Lamberti JL, Duran
CMG. The Ross procedure: Current registry results.
Ann Thorac Surg 1998;66:S162-S165

4. Kouchoukous NT, Davilla-Roman VG, Spray TL,
Murphy SF, Perrillo JB. Replacement of the aortic
root with a pulmonary autograft in children and
young adults with aortic valve disease. N Engl J
Med 1994;330:1-6

5. Ross DN. Pulmonary autografts: The unresolved
issues. J Heart Valve Dis 1997;6:330-332

6. Reddy VM, McElhinney DB, Phoon CK, Brook MM,
Hanley FL. Geometric mismatch of pulmonary and
aortic annuli in children undergoing the Ross pro-
cedure: Implications for surgical management and
autograft valve function. J Thorac Cardiovasc Surg
1998;115:1255-1262

7. Parson JM, Baker EJ, Hayes A, et al. Magnetic reso-
nance imaging of the great arteries in infants. Int J
Cardiol 1990;28:73-85

8. Vick GW, Rokey R, Huhta JC, Mulvagh SL,
Johnston DL. Nuclear magnetic resonance imaging
of the pulmonary arteries, subpulmonary region
and aortico-pulmonary shunts: A comparative
study with two-dimensional echocardiography and
angiography. Am Heart J 1990;119:1103-1110

9. Hartnell GG, Finn JP, Zenni M. MR imaging of the
thoracic aorta: comparison of spin echo, angio-
graphic and breath-hold techniques. Radiology
1994;191:697-704

10. Chambers JC, Somerville J, Stone S, Ross DN.
Pulmonary autograft procedure for aortic valve dis-
ease. Long-term results of the pioneer series.
Circulation 1997;96:2206-2214

11. Elkins RC. The Ross operation: A 12-year experi-
ence. Ann Thorac Surg 1999;68:S14-S18

12. Botha Ca, Rein J-G, Bohm JO, Roser D, Rupp W. The
Ross operation: Do native aortic, native pulmonary
and homograft pulmonary valve size and form dif-
ferences influence results? Thorac Cardiovasc Surg
1998;46:192-197

13. Takkenberg JJ, Zondervan PE, van Herwerden LA.

84 Assessment of pulmonary autograft by MRI
S. A. Reid et al.

J Heart Valve Dis
Vol. 13. No. 1
January 2004



Assessment of pulmonary autograft by MRI
S. A. Reid et al.

85J Heart Valve Dis
Vol. 13. No. 1
January 2004

Progressive pulmonary autograft root dilatation
and failure after Ross procedure. Ann Thorac Surg
1999;67:551-553

14. Harada T, Ohtaki E, Kitamura J, et al. Saccular
aneurysm of pulmonary autograft after the Ross
procedure. J Heart Valve Dis 2001;10:750-753

15. Tantengco MVT, Humes RA, Clapp SK, et al. Aortic
root dilatation after the Ross procedure. Am J
Cardiol 1999;83:915-920

16. Solowiejczyk DE, Bourlon F, Apfel HD, et al. Serial
echocardiographic measurements of the pul-
monary autograft in the aortic valve position after
the Ross operation in pediatric population using
normal pulmonary artery dimensions as the refer-
enced standard. Am J Cardiol 2000;85:1119-1123

17. Hokken RB, Bartelings MM, Bogers AJJC,
Gittenberger de Groot AC. Morphology of the pul-
monary and aortic roots with regard to the pul-
monary autograft procedure. J Thorac Cardiovasc
Surg 1997;113:453-461

18. Nagy ZL, Fisher J, Walker PG, Watterson KG. The
in vitro hydrodynamic characteristics of the porcine
pulmonary valve and root with regard to the Ross
procedure. J Thorac Cardiovasc Surg 2000;120:284-
289

19. Okazaki Y, Takarabe K, Furukawa K, et al.
Distensibility of the pulmonary autograft under
systemic pressure. J Heart Valve Dis 2002;11:231-
235

20. Elkins RC, Knott-Craig CJ, Howell CE. Pulmonary
autografts in patients with aortic annulus dyspla-
sia. Ann Thorac Surg 1996;61:1141-1145

21. Nagy ZL, Fisher J, Walker PG, Watterson KG. The
influence of size mismatch on the hydrodynamic
performance of the pulmonary autograft in vitro.
Eur J Cardiothorac Surg 1999;15:294-301

22. David TE, Omran A, Ivanov J, et al. Dilatation of
the pulmonary autograft after the Ross procedure. J
Thorac Cardiovasc Surg 2000;119:210-220


