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i foramen ion may p the man-
agement of patients with single left ventricle. Bulboventricular
foramen size was measured in 28 neonates and infonts >§ months
oid and followed up for 2 (o 5 years in those patients whose ouly
sytemic outSow was through the foramen, The buthoventricular
foramen was measured in two planes by two-dimensional echo-

its area and indexed lo body surface
e, Onepuielldkdworenrﬂulnml.‘l‘lemnlﬂm
bulboveniricular foramen ares index was 0.M cm’/m’ in 12
patlents (Group A) in whom the foramen was bypassed as the first
procedure ia early infancy. The remaining 15 patieats underweni
othes pallistive ions but the icular foramen
comtimued to serve us the systemic outfiow traet, There was one
surgical death. Six (Group B) of the 14 survivors developed
ib foramen during Follow-up [-:a-
initial bulbaventricular foramen area index 1.75 cm?im®). The
remaining eight patients (Group C) did irot develop obstruction
during follow-up and had an initial bulbovemiricatar foramen
larger than that in the other two groups (mean initial butboven-
tricular foramen srea index 3.95 em¥m?).

All pallests with oa jaitisl balbavesmiricular formmen srea
index <2 em®iea® who did met umdergo early bulbovestricular
{oramen bypass developed twle chstruction. Althecgh the tibo-

4 foranmn area | d slightty with grewth, whea
indexed to body surface area i decresied with time.

uemmﬂmmmmmm

grap and the bl cular foramen

- i 11 heart speci (2 froes the patisats

whﬂt{lhﬁnuﬁﬂqqﬂiﬁn 5 from patients wie died inle

from patiemts who

wmmrollumdlplonﬁhduﬂy)

It is comibuded that 1} £50 abe two-disensionnd echocardicg-
vaphy is relisble for determialiey bulboventricalar forzmen size;
2) bulboventricular foramen size in the nesaale s an important
prediclor of iate obsirmction; aed 3) sithough the bulbeventricutar
faramen appesrs ta grow, K gramth does not keep pace with
somatic growth is most patients.

1+ Am Coll Cundio? 19%2:12:112-8)

Obstruction of the bulb icular f¢ or iculk

septal defect,” the communication between the left ventricle
and the outflow chamber, may complicate the course of
patients with double-inlet left ventricle or tricuspid atresia
and transposition of the great arteries. The development of
bulboventricular foramen obstruction is associated with
pressure overload, hypertrophy and fibrosis of the left ven-
tricle (1). In addition, pulmonary blood flow may be in-
creased because of the excess resi 10 systemic vut-

Surgical options for infants in whom the bulboventricular

isot dinclude 1)a p y artery fa aorta
anastomasis (Iranseclmn of lhe main pulmonary artery with
is of the p y antery 10the ascend-

ing acrta and construction nrf a syslemic arterial to pulmo-
Rary artery shunt); 2) enlargemcm of the bulboventricular

foramen by of sur lar seplum; and
3) mletposumn of a conduit from Ihe left ventricle to the
ng or ding aocta. Taese operations have car-

flow.
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ried sngmﬁcam morhidity and mortality and it appears that
the larger the gradient before surgery, the worse the prog-
nosis (1-5),

It may be difficult to determine if the bulbovemricular
foramen is obstrucied in neonates. Although decisions are
sometimes based on the pressure gradient across the fora-
men, this criterion i3 frequemtly not reliable in neonates
because of parency of the ducius artesiosus. Consequently,
it is important 10 assess the size of the bulboventricular
foramen dirccily.
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In some patients a bulboveniricular foramen that is not
vestrictive in the neonatal period becomes obstructed with
time. However, the: relation between the size of the bulbo-
ventricular foramen in infancy and tater in life is unknown if
the rate of change in bulboventricular foramen size could be
predicted it might be possible to identify infanis at risk for
developing lzte obstruction.

Therefore, we undertook this study to 1) assess the accu-
racy of biplane two-di fonal echocardiography in estimat-
ing the size of the bulboventricular foramen; 2) determine the
refation between this size and the chaice of the initial palliative
surgical procedure; 3) measure the chamge in =:ze of the
bulboventricular foramen with somatic growth; 4) determine
the relation between the initial size of the foramen and the
subsequent development of abstruction.

Methods

Study patients. All 1=0nates and infants with double-inlet
left ventricle or tncuspiu atresia and transposition of the
great arteries who presented to Boston Children's Hospital
between 1982 and 1987 before 5 months of age and wiie had
not had prior cardiac surgery were identified. Patients with
double-inlet iefi ventricle who had normally refaied great
artesies or both great arteries arising from the same outflow
chamber weye excluded from the study. This calendar pericd
was chosen because high quality cchocardiograms werz
available and all survivers had been fellowed up for =2
years. The medical records of pafients were reviewed to
determine the type of surgical procedure performed. the
citcome of the procedure and the climeal course of the
patient. especially regarding obstruction of the bulboventric-
ular foramen. Obstruction of the bulboventricular foramen
was defitied (after infancy) as a systolic gradient =10 mm Hg
by Doppler echocardiography or cardiac catheterizalion.

We also identified the paticnis wilh double-inket left

icle or tricuspid atresia with positian of the great
arteries who died during the preceding 6 vears and who had
a recent anicmortem echocardiogram and a poslmurlem

ex ion. The heart were J and mea-
made for ¢ with the echocardiograr
measurements.
Echocardiographic analysis, The ech g were
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Figure 1. Schematic drawing of the bull foramen diam.
ele.s and the measurement technique in fong- and short-axis
parasternal views. AoV = zortic valve; AVV = atrioveniricular
vilve; BV = bulboventricslar foramien; LV = left ventricle; OC =
outflow chamber,

arca of the bulboventricular forame n (BVFA) was calculated
by using the formula for a regular llipse:
boFA = A2 x L2 x 314,

where A = transverse diameter wind B = apex to base
diameter. Bulsoventricular foramen area was then indexed
io body surface area as bulboventricular feramep area index
= bulhaventricular foramen area divided by body surface
area, The bulboventricular foramen area and arse fndex
werc calculated for the initial and subsequent examinations.

Pathologic sfudi-s, Transverse and apex to base drame-
ters were measured in a fashion similar to the echocardio-
graphic measurements in the postmortem heart specimens,
which had heen fixed in a baffered formaiin solution, and the
bulbovurisicular foramen aréa was caleulated as an elfipse,
The bult dimensions and area obtained
in the specimens were compared with those o'ained from
the most recent antemortem echocardiogran.

Statistics, The echocardicgraphic and postmortem mez-

reviewed and views selected that displayed the imal
i of the t ricubut foramen in the short-axis
plane of the heart {usually a parasiernal short-axis or subxi-
phoid short-axis vizw, measuring the transverse dimension
of the bulboventricular foramen) and in a long-axis plane of
the heart {usually a parastersal long-axis or apical view,
measuring the apex to base dimension of the bulboventricu-
tar faramen) (Fig. 1). Printed copics of tciceted still frames
were obtained with a video pape primer. The iransverse
(short-axis view) and apex to base (long-axis view) dimen-
sions of the bulboveniricutar foramen were then measured
with a computer and digitizing tablot. The cross-sectional

were pared with use of [inear regression
analysis. Analysis of variance was used 1o test the differ-
ences in buiboventsicular foramen arca and bulboveniricular
foramen area index among patient groups. Because of the
smal) number of subjects a Wilcoxon rank-sum test was used
) test the significance of the difference in bulboventricular
foramen ar¢a index between patients with and without
coarciation and beiween patients with pulmonary artery
banding who did and did nrot develop bulboventricular
forumen obstruction. The slopes of the regression lines for
bulbroventricular foramen area and bulboventricular foramen
aren index versus age were determined and averaged as an
index of the rate of growth of the bulboventricular foramen.
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Table 1. Clinical Course of 28 Patients
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Surgical Procedure
Paticai Initiat BVFAI Sepment Dizgnosis i 2 3 4 Alive
Group A
Al ) Sph TGA. DILV. CoA PAA. CO G +
AZ 08 SLL TGA, DILY, CoA PAA, CO co G F +
A 1. SLL TGA. DILV. CoA PAA. CO co -
At 038 SLL TGA, DILY, CoA FAA, CO -
& 08 SLL TGA, DILV, CoA PAA.CO G F +
Ab 0.9 DD TGA, DILY, CoA PAA, CO G +
A 1) 5pD TGA, TA, CoA BAA, CO F +
AB 21 SLL TGA. DILY. CoA PAA, CO G SH F +
A% 098 SLL TGA, DILY, CoA PAA. CO SHN D -
Al DM 5pD IGA, DILV, CoA FAA, CO s5H F w *
All 0.43 SBD TGA. DILV. CoA PAA. CO -
AR 174 SBD TGA, DILV, CoA PAA, CO -
Al3 051 SiL TGA. DILY. CoA -
Al 10 SLL TGA, DILY, CaA B, CO -
Group B
Bl 135 SLL TGA. DILY F LVAO
B2 264 5DD TGA, DILY B PAA G -
B3 167 SLL TGA. DILV. CoA B CO PAA REV F +
B 1.2 SbL TGA. TA 1] PAA.F w *
BS 18 SDD TCA. TA B B PAA E +
B6 176 SDD TGA, DILY B PAA F +
Group T
Cl 464 SLL TGA. DILV B F
[&] 436 SDA TGA. DILY 3 F G -
3 205 SLL TGA, DILY, CoA B.CO G F TR -
4 612 SLL TGA. DILY SH F +
s 631 SbD TGA, DILY B SH 3 G +
[x] : SLL TGA. DILY SH ASP SHM F -
c? k2 ) SLL TGA, DILY SH F +
[+] M SBD TGA, TA B F +

A.SP = atrial septeclomy; B = pulitonary arizry band: BYFAI « bulboveniricular foramen area indexcd to body susface area; CO = coarctation repair;
{3A = coarctation of the noeta, DILY = double-iniet kefi ventricle: F = Famtan procedure; G = Glenn procedure: Group A = patients in whom ihe
b-lbnw,x..m ular fammn mbypnsed whenthey WTE TEORANES, Group B = patients in whom the bulboventricutar foramen provided the only systemic outflow

i ~up, Group € = patiems I3 whom the bulboventricular foramea provided the only systemic
onmw wat who id oot develag bulboventricuiar foramen obstruction during follaw-up, LVAC = Left ventricke to aoria conduil: PAA = pulmonary astery to
«Bita Loasiomosis; PD = cliswtiva <f daphwgns: REV = revision of pulmenery 2020y 0 3572 an istemonis! SH = spotemic to pulnenary artery shunt: SHN =
shum oarrowing; TA = ticuspid atresta; TOA = Iinsposition of the great arteries: TR = wicusyid valve replacement: W = pericardial window: + = alive a1

the end of follow-up and wfter “xc lusl surgical procedure was performed; ~ = dead.

Results

Twenty-eight neonates and mfants, 16 male and 12 fe-
male, were identificd who met the selection criteria for this
study (Table 1) (6,7). All pauems Bad an outflow ehamber
from which the aonta ox d and which
with the feft vcnlnclc lhrough a bulboventricular foramen.

Echocard correlat Twelve of the
28 patients died. Seven of the 12 and 4 additional patients
(who presented after prior surgica! treatment at another
hospital and thus were not included among the 28 study
palicms) had a resent amemortem echocardiographic and
postmortem examination,

The tramsverse and apex 10 base dimensions of the
bulboventricular foramen measurad from the most redcat
antemortem echocardiogram and from the fixed specimens
were highly correlated (r = 0.99 and 0.92, p < 0.001) with a.
small SE. The mensurements from the postmortem speci-
mens were consistentiy about 10% to 12% smaller than the
echocardiopraphic measurements. Bulhoveatricular fora-
tien area calcuiated from* ¥ae heart specimens was highly
correlated with that obtained from the antemortem echocar-
diograms (r = 0.99 p < 9.001) (Fig. 2).

Surgical paitation. One paticnt (Paticnt Al3, Table {}
dicd before any surgical procedure was performed.
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Figure 2. Rerression plot of calculated bulboveniricular foramen

area from pathelogic specimens (Path} and from a recent antemer-
iem echocardiowram (Echo).

Twelve patients underwent pulmonary artery to aorta
anastomosis 18 neonates (Group A. Fig. 3). All the patients
in Lhis group had obstruction of the aortic arch vr isthmus, or
both, and the operation always included arch repair along
with the pulmonary artery io aora anastomosis. The mean
initial bulboventricular foramen area index in this group was
0.94 = 0.55 cm®/m? {range 0.34 1o 2.39) (Fig. 4}, Oniy 2 of the
12 patients had a gradient detected across the bulboventric-
ular foramen at the initial evaluation. In one the ductus was
clpsed and in the other it was restrictive. Of the L0 patients
without a gradient, 9 had a patent ductus arteriosus at the
initial echocardiographic evaluation,

leven patients had been judged subjectively to have a
small bulboventricular foramen at the time of the initial
echocardiogram or angiogram. In the other patient in this
group (Patient A8, Table i) pulmonary artery to aoita
anastomosis was performed because coarctation of the aorta
was present even though the bulboventricular foramen was
judged 1ic be ad in size on ech diography. Eight of
the 12 patients survived the initial palliative aperstion.

In the remaining 15 patients, the bulboventricular fora-
men was the only systemic outflow tract (Fig. 3). Palliative
procedures were pesformed in 14 patients including pulme-

Figare 3. Flaw diagram of the study patients. and the different
groups. BVF = bulboventricular foramen: CoA = cearctation
repair; no op = no palliative operaticn because of native pulmonary
valve stenosis; PAA = pul y artery 10 aorla is; PAB
= pulmonary artery banding: Preop = before operation: Shunt =
systemic artery 10 pulmonary artery shunt.
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Figure 4, Initial bulboventticolar foramen (BVF) crea indexed to
body suiface area (BVFAI) in the three groups. Group A = early
pulpionary artery o aoria anastomosis (PAA)Y, Group B = fate
butboventricufar foramen obstruetion; Group C = no bulboventric-
ular foramen obstruction at latest fallow-up.

nary artery banding in 8, pulmonary artery banding and
coarctation repair in 3 and creation of a systemic to pulmo-
nary artery shunt in 3. One patient died after puimonary
artery banding zad coarctation repair (Patient Al 4, Table 1),
The remaining 14 survivors had been judged to have an
unobstrucied bulboventricular foramen at the time of the
initial operation on the basis of subjective evaluation of the
echocardiogram or angiogram and lack of a gradient across
the bulboventricular foramen.

Antong these 14 patients, bulboventricular foramen ob-
struction developed in 6 (Group B, Fig. 3) during follow-up.
Systolic gradienis ranging from 16 to 80 mm Hg were
measured across the bulboventricular foramen by Doppler
examination or at cardiac catheterization, The mean initial
bulboventricular foramen area index in these patients was
1.75 £ 0.5 can’/m® (range 1.24 to 2.64) (Fig. 4). One patien
in this group (Patient B2, Table 1) had a straddling tricuspid
valve that contributed 1o the bulhaventricular foramen ob-
struction. The mean initial butboventricular foramen area
index in this patient was 2.64 cm®m?, the largest in this
group. All athers had an initial index <2 cm®fr’.

The remaining eight patients (Group C, Fig. 3) did not
deveiop buthoventricilur foramen obstruction during follow-
up. The mean initial bulboventricular foramen area index
in this group was 3.95 £ 1.7 cm%m? (range 2,34 10 6,31)
{Fig. 4).

The patiems in Groap C tended o be slightly older at the
time of the first echocanliagram {-nean age |.4 months [ranpe
0 to 4.30) than patieits in group A (meem age 0.6 month
[range 0 to 4.2)) or group B {mean age 9.3 month (range ¢ to
1.4]), but this difference did not achieve statistical signifi-
cance (p = (.34). Body size did not differ significantly among
the three groups; mean body surface area was 0.24 = 0.04 m?



146 MATITIAU ET AL.

BULBOYENTRICULAR FORAMEN IN SINGEE LEFT VENTRICLE

in Group C, 0.23 = 0.03 m* in Group B and 1.22 * 0.02 m*
in Group A,

The mean initial butboventricular foramen arca index was
significantly larger in patients who did not devefop bulbo-
ventricular foramen obstruction (Group C) than in paiients in
Groups A and B (p < 0.0001). Although bulbeveatricular
foramen area index tended to be larger in palienis who
developed obstruction late (Group B) than in patients who
underwent a pulmonary artery 10 aora anastomosis as
neonates (Group A), this difference did rwt achieve statisti-
cal significance. All 11 infants judgad at the iniiial evaluation
t have a small bulboventricular foramen underwent a
pulmonary artery 1o 80ra anastomosis.

Eleven of the 12 infanis who appeased 10 have an —ade-
quale” bulboveniricular foramen at the in‘tial evaluation and
needed a procedure to limit pulmonary blood flow under-
went pulmonary artery b.mdmg In ane patient (Patiemt A%,
Table 1) the bulboventricula appeared
in size but was obstructed by a straddling tricuspid valve:
this patient underwen: pulmonary artery to aorta anastomo-
sis. Twelve of 15 patients with aortic arch obstruction
underwent o pulmonary artery 10 aorta anasiomosis, and the
remaining 3 patients underwent coarctation repair and pul-
monary artery banding. Eight patients withowt arch obstruc-
tion ¢nd with exeessive pulmonary slood flow underwent
pulmonary artery banding alone. The size of the bulbaven-
tricular foramen assessed subjectively and the presence or
absence of aortic arch obstruction appeared to be the major
factors influcncing the type of initial palliative procedure
performed.

Bulboventricular foramen growth. Twelve of 14 patients
in Graups B and € had 1wo 10 four cchocardiograms {median
three) during the follow-up pcm)d The follo\h -up pcrlod
spanncd by these serial
ranged flom 4.2 o 52 months Yinean u S5, The bulboven-
tricular foramen sizeé was not measured after a pulivnt
underwent an operation to bypass the foramen because, in
the presence of an additional systemic outflow, the size of
the foramen no longer had hemodynamic importance. Fur-
thermare, the implications of the presence or absence of
bulboventricular foramen growth under the cendition of
reduced flow are unclear. For that reason ene echocardio-
graphic follow-up period was shorier in Group B (mean
20 months) than in Grorp C (mean 45 months).

During follow-up there was a small mean increase in
bulboventricular foramen area (0.008 cm’/manth) {Fig. SA.
The rate of growth was not related to the initial size of the
foramen and did not keep pace with somatic growth, result-
ing in a mean decrease in bulboventricular foramen area
index of 0.05 cm®m’ per month (Fig. 5B).

The mean d in bulb area
index with time in the patients who developed obstruction
was 0.05 = 0.06 cm¥m%month compared with 0.047 %
0.05 cm*m*/month in thase who did not develop ohstruction
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Figure S. Ploi of the reg lines for foramen
area (BVFA) (A) and indexed bulboventricular foramen area
(BYFAD (B versus follow-up time for the 12 patients in whom serial
data wers available. (The dashed Hmes indicate parients who under-
weni systeniis 10 pulmenary antery shum as the first procedure
because of pulmunary valve stenosis.)

(p = 0.85). Similariy there was no significant difference (p =
0,71} in the mean decrease in butboventriculor foramen area
index with 1ime in patients who did (.06 = 0.07 cn¥m? per
~month) and did not (008~ .06 em®/m* per month) develop
bulboveatricular foramen obsin:ction after pulmonary artery
banding.

These tindings indicate that the most important determi-
nant of lare bulboveniriculsr foramen obstruction is the
aitial size rather than the rate of growih ef the foramen. Of
interest, in two of the three patients who underwent creation
of . systemic to pulmonary artery shunt the bulboventricular
foramen area did increase in size propostional to somatic
growth.

Aortic arch shstruction ard inial bulbovestricular fora-
men size. Sixreen patients had gortic arch obstruction (co-
arclation or arch interruption) and §2 patiests did not. The
mean initial bulboventricular foramen are index was signif-
icantly {p < 0.0001) smaller in the patients with arch obstrue-
tion (105 & 0.6 cm’%m®) than in patients without arch
obstruction (3.35 + 1.75 em¥m?, Fig. 6).

Pulmonsry artery band and initial bulboventticular fora-
men size. Eight patients without aortic arch obstruction
underweat pulmonary artery handmg Fnur nfthese patients
developed bult icular during fok-
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Flgure 6. Indexed initia) hulboventricular foramen area (BVFAi) in
palicnts with and withoys cearcration of the aona. The solid circles
and ervor baxs 12 the right of the dat: points indicate mean value =
18D,

low-up and four di¢ not. The mean initial bulboventricular
foramen area index was significantly smaller (p = 0.026) in
the group that developed bulboventricular foramen obstruc-
tion afier pulmonary artery banding (1.87 = .57 em¥m?)
than in Lhe group that did not (4.41 = 1.62 cm¥m?, Fig. 7).

Discussion
Biplane echocardiographic measurements of the bulbo-
veniricular foramen were highly correlated with poslmoncm
measerements. The difference in absolute di was
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ment uf the bulboventricular foramen area by biplane two-
di | ech Jiography 1y reflects the nrea of
the foramen. Measuring the bulboventricular foramen size in
only one plane nay be misleading hecawse the foramen is
generally elliptic in shape (8), Supponing this notion is the
finding that the ratio of the apex to base diameter to the
transverse dianieter of 1he bulboventricular foramen in our
patients ranged between 0.6 and 1.5, Similar methods have
been used successfully by olhers 1o assess the size of
ventricular s -ptal defects in patients with iwo ventricles (9).
Mechaniss « of bulhoventricular forsmen obstruction. Pa-
tients may ha,'e an excessively small bulboventricular fora-
men as neonatts or obsiruction may develop later. Our data
suggest that the mechanism of late obstruction in most cases
is failure of the }.ulhoventricutar foramen 10 grow in propor-
tion to somatic giowth. Subaertic stenvsis can alse be due to
obstruction withir, the omflow chamber (1) or encroach-
ment of straddling 4 rinveniricular (AV) valve tissue or athey
fibrous tissue on the sulboventricular foramen (11). In one of
our patients straddling AY valve lissue produced moderate
obstruction of an imr'nsically large bulboventricular fora-
men. Such i 'y not be appreciated by measuring
the size of the buibovent icuiar foramen alone and point out
the continucd need for Duople evaluation.
Results of by lbovestricul «r foramen obstowefion, Obstruc-
tion of the bulboventricular foramen may result in decreased
li of the lefi icle as 2 result of hypertrophy
and fibrosis (1), Significant left ventricutar hypertrophy may
necessitate a separate surgical intervention to enlarge or
bypass Lhe bulboventricular foramen before a Fontan proce-
dure is d {to permit of hyp phy and

10% 10 12%, spproximately what would be expected from
formalin fixation. This observation indi that

fiance). These proced
have been associated with high mortality rates (I-4) al-

Figure 7. Indexed initial bulboventicolar foramen (BVF) area

{BYFAJ) in patients without aortic arch abstruction who underwent
pulmonary artery banding as infants. The indexed area was signifi-
cantly smalter in patienls who developed bulboventricular foramen
obstruction late after banding. Symbeds as in Figure 6.
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though improved survival time has been noted in more
fecent reporis (10,12).

Surgica! eptions. Patients with double-inlet lefi ventricle
who are noi treated singsically have a very poor prognosis
€13). Most infams with single lefi ventricle or tricuspid
atresia require surgical pallintion in infancy beforz a Fostan
opecation can be undertaken. It is often difficult to decide
which type of palliative provedure 10 perform in infants
without pulmonary stenosis. ’f bulboventricular foramen
obstruction is likely to develop then pulmonary artery to
aoria anastomosis is probably the prefﬂred initial pa!llahve
operanon However, if bulflx tomlar
tici is unlikely to develop, pulmonary arlery banding seems
preferable because of the lower initial .ortality rate.

A valid compatison of the resuits of pulrroaary artery
handing versus those of pulmonary arters to apria anasto-
mosis in the neonate cannot be obtained from this report.
First, our study patients represem only a subset of patients
with single ventricle who presented to cur institution (only
those who presented carly with an echocardingram at our
institution). Second, all our patients who underwent pulmo-
nary arlery to aorta anastomosis also had aortic arch repair,
which made the operation more complex. However, our data
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do indicate that the initial size of the bulboventricular
is an imp dii of late obstruction.

The decision regardmg which type of palliation 1o per-
form has been based largely on qualitative assessment of the
bulboventricular foramen size and the presence or absence
of nortic arch obstruction, Previous reports (4,14-16) indi-
cate that arch obslrucnon is usually associated with & small

icular This pective study indi
that measunng th= bulbovenlﬂcular foramen with biplane
two-di phy is a more reliable means
of predicting which patients will develop obstruction of the
bulboventricular foramen.

Pulmanary artery banding and huib 2 lon £,

1AU ET AL.
BULBOVENTRICULA X FORAMEN IN SINGLE LEFT YENTRICLE
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