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of the pulmonary vascular bed. However, we have seen also specific subset of
neonates with extremely hypoplastic pulmonary arteries without real
MAPCAS. Often, multiple but very small collateral aortopulmonary arteries
were present. Inthese patients we tried to use different approaches to increase
the pulmonary blood flow. Unfortunately, however, in these infants central
shunt nor right ventricular-to-pulmonary astery patching were not efficient
enough to stimulate the growth of the right and the left pulmonary arteries
which remained extremely hypoplastic with a diameter in the range between
1and 3 mm even 2 or 3 years after the first surgery performed during the early
infancy. I would like to ask you if you have ever seen such patients in whom
the pulmonary arteries would not grow at all.

Dr Metras: First of all, I want to say something about one word you said.
The shunts on these very small pulmonary arteries, it has been shown very
many years ago by Roger Mee that the worst thing for these pulmonary
arteries was to branch a shunt on them. So I think it’s better to promote
forward flow with opening the RV-PA outflow.

Excuse me, your question?

Dr Tlaskal: If you have ever seen such patients in whom the pulmonary
arteries would not grow at all.

Dr Metras: No. In all these patients pulmonary arteries have grown
enough to reach cormrection with the possibility to close the VSD totally.
That means probably the RV pressure is satisfactory. So once you have
promoted this growth, it works well. The two first patients were sent to Jim
Lock, who put stents in the pulmonary arteries. They increase considerably.
The video would have shown that nicely.

Dr W. Brawn (Birmingham, UK): Your ratio of RV to LV was 60%.

Dr Metras: Yes.

Dr Brawn: 60%, and some range between 30% and 1. Do you think
you've done the patient a disservice by closing the VSD, because some

of those patients that have a ratio of 1 and probably quite high ratios, what’s
going to happen to them in the long-run in terms of RV failure?

Dr Metras: The ratio that [ mention here is the last ratio in the follow-up.
Some of them may be high because there is some obstruction at the level of
the RV-PA homograft that may be replaced when we use the 16 mm or 18
mm conduit. So it may not reflect absolutely the situation.

Dr Brawn: What sort of pressures would you be happy with for the long
term, because otherwise these patients are going to develop RV failure,
aren’t they?

Dr Metras: Well, if the hemodynamic situation is satisfactory, we will
accept immediately the correction, RV/LV ratio up to 1. We don’t have
them, but up to 1, it’s all right, we don’t open the VSD if the RV/LV ratio is
1. This has been done the same way. We follow exactly the rules of the
Boston group.

Dr Brawn: That’s very interesting.

Dr A. Corno (Lausanne, Switzerland): 1 am very pleased that you
mentioned a late appearance of collaterals. In the last year we had a series
of 5 patients in whom a catheterization study showed the presence of a
MAPCA of considerable size, and this was after repair either done by us or
in another institution. Instead of asking our cardiologists to coil-embolize
this collateral, we decided to go back through a thoracotomy to disconnect
the origin of this MAPCA from the aorta and connect it to the pulmonary
artery. We don’t have the late results yet because our experience is too
recent, but I would like to have your opinion on this.

Dr Metras: I think one very interesting thing that we are waiting for in
the series of Roberto and, of course, Frank Hanley is how will these collat-
erals behave in the future in terms of pulmonary vascular disease, since I
guess that in your patients the pulmonary artery developed very little if
most of the flow goes to all of these big collaterals.
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A new method for the quantitative standardization
of cross-sectional areas of the pulmonary arteries in
congenital heart diseases with decreased pulmonary

blood flow

A new angiographic method -for quantitative standardization of cross-sectional area of bilateral
pulmonary arteries, the PA-index, and retrospective analysis of the PA-index in different types of
operative procedures are preseated. This study included 40 subjects in the normal control group, 46
pahenismtheteﬂalogygmup,%paﬁentsmﬂ:ekastelhgmup,and 15 psﬁenlsmtheFonmngmup.'Ihe
normal value of the PA-index was 330 + 30 mm?/BSA and was consistent in a wide range of body
surface areas from infancy to adolescence. The PA-index in the tetralogy and. Rastelli groups ranged
from 100 to 400 mm?/BSA. There were no early deaths in the tetralogy group, but the incidence of low
cardiac output was higher in patients with a smaller PA-index, especially when the PA-index was less
than 150 mm?/BSA. Low cardiac output was more severe in the Rastelli group. The operative mortality
was significantly affected by the PA-index. In the Rastelli group, all of the patients with a PA-index of
less than 200 mm?/BSA died, whereas the mortality rate in patients with a PA-index of more than 200
was only 6% (p <0.01). The mortality rate was not influenced by any other factors, such as aortic
cross-clamp time or age at operation. In the Fontan group, two patients with a PA-index of less than 250
mm?/BSA died of severe heart failure, and 12 of 13 patients with a PA-index of more than 250 survived
(® <0.01). Our results indicated the validity of the PA-index in predicting the postoperative prognosis of
the various entities. In tetralogy, all patients with a PA-index over 100 mm?/BSA can undergo correction
safely; in Rastelli operation, those with a PA-index under 200 should have a palliative procedure first,
whereas those with a PA-index over 250.can be considered good candidates for the Fontal procedure. The
PA-index may also serve a useful guide in comparing surgical results from different institutions with
patients having anomalies of varying severity.
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; .Vith the advent of cardioplegia and standardization
of surgical procedures, recent surgical results for com-
plex cardiac anomalies have been steadily improving.
However, the indication for total correction in patients
with decreased pulmonary blood flow has been deter-
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mined rather empirically. Although various methods to
estimate the size of the pulmonary artery have been
proposed, mainly for the tetralogy of Fallot,'"* none can
be applied universally for anomalies with decreased
pulmonary blood flow.

We have developed a quantitative method: to &hmate
the cross-sectional - areas of both pulmonar_y arteries
divided by the. body surface area for standardizition,
and wé have applied the resulting value retrospectively
to our series of total correction of various anomalm with
decreased pulmonary flow.

The purpose of this communication is to- prwent a
new angiographic method for estimation of the size of
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Cable I. Normal values of PA-index
Age (yr}, BSA4 RvP - PAP (m) PA-index PA area
No. sex Diagnasis {n’) e Hg) {mm Hg) (mnr’/BSA) (minr’)
) Yo, F Protonged Q-T interval 0.33 30/0 22/10 (13.5) 334 110
2 %, M Vascular ring 0.33 30/0 24/9 (16) 307 101
3 ¥2, M wWPW 0.35 30/0 25/11 (16) 320 112
4 Yo, M H-V block 0.38 - - 320 122
5 %2, M Funnel chest 0.36 30/0 25/10 (17) 318 114
6 2, F PS 045 48/0 20/8 (13) 395 178
7 M Noonan syndrome 0.53 47/1 18/5 (11) 350 186
8 M MCLS 0.44 - - 357 157
9 M MCLS 0.56 - - 310 174
10 3,F PS 0.58 50/0 20/6 (12) 318 184
1 M MCLS 0.4 - - 3718 230
12 4 M PS 0.55 50/0 20/7 (14) 388 213
13 a4 M Noonan syndrome 0.67 40/0 25/10 (17.5) 338 223
14 4 M PS 0.62 - - 320 198
15 5\ M PS 0.62 45/~2 15/5 (9.5 321 199
16 5 M MCLS 077 - 26/18 (21) 300 23
17 5 M AV block 0.74 32/3 28/9 (15) 302 223
18 5, F Funnel chest 0.78 - - 305 238
19 5 M SVAS 0N 26.2 25.11 (19) 315 224
20 M SVAS 0.72 2142 24.10 (17) 298 215
21 5 F PS 0382 48/2 25/12 (16) 320 262
2 6, M Funnel chest 090 24/0 15/8 (12) 302 27
2 6. M Funnel chest 072 24/2 23/11 (15) 320 230
24 6, M SVAS 0.69 350 26/9 (15) 357 246
25 6, F SVAS 0.69 24/2 26/11 (20) 299 206
26 6. M AV block 031 - - 345 279
27 7 F PS 0.85 30/0 18/10 (15) 298 253
P13 1,F AV block 0.90 - - 330 297
29 8 F AV block 0.90 210 16/6 (11) 318 286
30 8 M RV tumor 031 - - 324 262
3l 8 F PS 087 31/3 18/10 (12) 313 prp)
32 9. F 8SS 096 28/2 (15.5) . 369 354
33 9, M PS 0.93 48/2 25/12 (17) 302 281
34 10, M MCLS 1.09 - .- 324 353
35 1n,M PS 1.34 47/2 31/14 (21) 310 415
36 12, M Pigeon chest 1.12 - - 316 354
37 12, M MCLS 1.20 - - 387 464
38 14, M Funnel chest 1.57 30/3 27410 (17) 347 345
39 16, F MCLS 1.42 - - n 535
40 17" M Funnel chest : 1.25 - - 315 . 394

Legend: BSA, Body surface arca. RVP, Right ventricular pressure. PAP, Pulmonary artery pressure. PA area: (1-PA arca +r-PA arca)/2. WPW, Wolff-
Parkinson-White syndmmc. H-V, His bundlc-ventricular: PS, Pulmonasy stenosis. MCLS, Mucocutancus lymph node syndrome. AV, Atrioventricular. SVAS,
Supravalvu!ar aortic stencsis. RV, Right veatricular, SSS, Sick sinus syndrome. MCLS without cardiac lesion, abnormal electrocardiographic fi ndmgs and without
pasitive angiographic findings; supravatvular aortic stengsis without any pulmonary stenosis; and mild pulmonary stenasis in which peak systolic pressure in right ventricle

was less than 50 mm Hg witliout paststenotic dilatation: were included.

the pulmonary arteries (the PA-index) and a retrospec-
tive analysis of this PA-index in various procedures
including conventional repair of tetralogy of Fallot,
extracardiac:conduit repair for complex:cardiac anoma-
lies, and Fontan procedure for tricuspid atresia and
single ventricle. This study reveals: that' surgical death
and heart failure are observed more frequently in
patients with' underdeveloped pulmonary arteries. We
believe that thie PA-index may serve to predict the
postoperative:prognosis in ‘these various procedures.

Patients and methods

Patients were subdivided into four groups. normal
controls, tetralogy of Fallot, Rastelli group, and patients
undergoing the Fontan procedure. ‘

Normal controls. This group consisted of 40 patients
ranging in age from 3 months to 17 years. Twenty-eight
were male and 12 female. Body surface areas ranged
from 0.33 to1.57 m?(Table I), Patients for. the normal
control group were selected from our catheterization
files and included those either without cardiac lesions or
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Table II. Surgical groups
No. of patients Age (yr} Palliation
Tetralogy of Fallot
Transannular patch 26 40+ 15 BT.S
Subannular patch 14 4216 !
Muscle resection 6 36216 Waterston, 2
Rastelli
Pseudotruncus 12 10.5 + 4.1 B-T, §; Brock, |
TGA 10 98 *+ 39 B-T, 4; Waterston, 1
DORV 4 85+ 127 B-T, 1; Waterston, 1
Fontan
Tricuspid atresia 12 98 + 36 B-T, 9; Glenn, 1
Single ventricle 1 6 -
DORY with hypoplastic RV 1 9 -
Pulmonary atresia with IVS 1 6 Waterston, Brack

Legend: B-T, Blalock-Taussig shunt. TGA, Transposition of great arteries. DORY, Double-outlet right ventricle. RV, Right ventricle. IVS, Intact ventricular

septum.

Table I Operative risk factors in the Rastelli group

Died Survived | Significance
No. 6 19
Age 78 £ 4.7 9.8 + 4.1 NS
PA-index 129 + 33 291 + 84 p<0.01
(mm?/BSA)
Percent of normal 0.39 038
Aortic cross-clamp  60.8 * 3.6 669 = 19.3 NS
time
ECC time (min) 164 + 46 165 = 58 NS

Legend: Normal value of PA-index = 330 = 30 mm?/BSA. ECC, Extracorpo-
real circulation. NS, Not significant.

with minimal findings but having normal pulmonary
development. The diagnostic categories are listed in
Table I. The values of the PA-index in this group serve
as control.

Tetralogy of Fallot. Forty-six patients operated upon
between February, 1981, and December, 1981, were
included. Six had conventional infundibular resection,
and 40 had right ventricular outflow reconstruction, 26
with a transannular patch and 14 with a subannular
patch. Seven of the 46 patients had undergone previous
palliative procedures including a Blalock-Taussig shunt
in five and Waterston shunt in two. The ages of the
patients ranged from 1 year, 9 months to 9 years (Ta-
ble II).

Rastelli group. Twenty-six patients were studied in
this group. Twelve patients with tetralogy and pulmo-
nary atresia, 10 patients with transposition and pulmo-
pary stenosis or atresia, and four patients with double-
outlet right ventricle and pulmonary stenosis or atresia
underwent the Rastelli procedure (extracardiac valved-
conduit repair) between 1975 and 1982 at our institu-
tion. The ages of the patients ranged from 1 to 16 years.

-87-

Fifteen patients had had previous palliative procedures
done, including the Blalock-Taussig shunt in 12 patients,
Waterston shunt in one patient, Brock procedure in one,
and both Blalock-Taussig and Waterston shunts in one
(Table II).

The length of perfusion time with extracorporeal
circulation and aortic cross-clamping time is shown in
Table II1.

Fontan group. In this group there were 12 with
tricuspid atresia, two with single ventricle, and one with
pulmonary atresia and intact ventricular septum. Of
these 15 patients having the Fontan procedure, 14 had
direct anastomosis between the right atrial appendage
and the pulmonary artery, and one had a nonvalved
conduit from the right atrium to the right ventricle
(Table II). These operations were performed between
1975 and 1982 at our institution. The ages of the
patients ranged from 1 to 18 years. Previous palliative
procedures performed in 11 patients included Blalock-
Taussig, Glenn, Waterston, and Brock procedures.

All operations were performed with extracorporeal
circulation, moderate hypothermia, and a moderate
perfusion flow rate. Myocardial protection was accom-
plished during chemical cardiac arrest induced by
Young’s solution and cardioplegic solution, consisting of
dextrose, insulin, and potassium, and topical cooling
with iced saline. The techniques used in each procedure
were basically the same in each group. )

Measurement of the PA-index. All patients were
reviewed either on a cineangiogram or on an anteropos-
terior angiocardiogram by measuring the diameters, of
both the right and left pulmonary arteries immediately
proximal to the origin of the first lobar branches.
Generally, the size of the pulmonary arteries changes:in
one cardiac cycle. Then, the diameters that were
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measured at the maximum and minimum were aver-
aged in order to obtain a mean diameter for each
individual. The measurements were repeated by two of
us independently. In some patients with previous pallia-
~ tion, such as Blalock-Taussig shunt, aneurysmal seg-
~ mental dilatation was found in the pulmonary artery. In
- such cases, the diameter was measured immediately
~ distal to the aneurysmal dilatation. The cross-sectional
~ area of each pulmonary artery was calculated as fol-
 lows:

| Cross-sectional area (mm?) = w(diameter/2f)?
~ and the PA-index as follows:
PA-index (mm?/BSA) = (r-PA area + 1-PA area)/BSA

where f is the corrective coefficient for angiographic
magnification, BSA is the body surface area in square
meters, the diameter is expressed in millimeters, and the
area is expressed in square millimeters (Fig. 1).

Several examples of the measurement are shown in
Fig. 2. The patient whose angiogram is shown on the left
bad a PA-index of 107 mm?/BSA, the one in the middle
angiogram had a PA-index of 164, and the one on the
right had a PA-index of 324 (Fig. 2). For the PA-index
to be measured, it is mandatory to obtain a clear picture
of bilateral pulmonary arteries. In the case of noncon-
fluent pulmonary arteries, pulmonary venous wedge
angiograms has to be employed, as in the middle panel
in Fig. 3.

Analysis of postoperative course. Values of the
PA-index in the normal group were collected from
patients of various ages with a wide range of body
surface areas; these figures served as the control. In the
surgical cases, the postoperative courses were reviewed
and compared with the values of the preoperative
PA-index. In the latest series of 21 patients with
tetralogy of Fallot, the cardiac index was periodically
measured in the intensive care unit by the thermodilu-
tion method during the first 48 hours after intracardiac
repair. In cases of hospital death, the causes were
carefully determined from the clinical records and
autopsy data. .

Statistics. The experimental data were summarized
as a mean = the standard deviation. Student’s paired or
unpaired t tests were used where appropriate, and the
level of significance was derived from a standard table of
the t distribution. Selected comparisons between various
groups were made by Fisher’s exact test. All correlation
coefficients were derived by the Pearson method.

Results

PA-index in normal group. The hemodynamic data
and PA-index are listed in Table 1. This group also
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t ~PA area
cross-sectional area
diameter \ ?
= ( 2-f )

*f=magnification
coefficient

r-PA area(mm?) <+ I-PA area(mm?)
B.S.A.(m3)

PA index

Fig. 1. Hlustrations of the measurement of PA-index. The
cross-sectional area of both pulmonary arteries was calculated
either on a cineangiogram or on an anteroposterior angiocar-
diogram by measuring diameters of the bilateral pulmonary
arteries immediately proximal to the origin of the first
branches. After correction for magnification, the sum of both
cross-sectional areas was divided by the body surface area.
This PA-index was calculated in square millimeters per square
meter of body surface area.

included mild pulmonary stenosis with right ventricular
pressure lower than 50 mm Hg. The range of body
surface areas was between 0.33 and 1.57 m? The sum of
cross-sectional areas of both the right and left pulmo-
nary arteries (mm?® was plotted against the body
surface area (m?® and the linear regression line was
calculated (Fig. 4). The equation is:

Y =343.7X - 109

where Y = pulmonary area and X = body surface area
(r = 0.98, p <0.01). In consequence, PA-index could'be
recognized constant over a wide range of body surface
areas from 0.33 to 1.57 m? The PA-index in normal
control subjects fell into a range between 300 and 300
with a mean of 330 + 30 mm?/BSA. These values were
considered to be a normal PA-index (Fig. 5).

Distribution of the PA-index in tetralogy of Fallot,
Rastelli, and Fontan groups (Fig. 6). In the tetralogy
group, the PA-indexes were observed between 100 and
400 mm?/BSA. The PA-index of 100 represented
approximately 30% of the control value and 400 could
be recognized within the normal range. Ten patients,
who corresponded to 20% of patients in the tetralogy
group, had a PA-index in the control range, and 40
patients (80%) had a smaller PA-index than the control.
In most cases (60% of patients in the tetralogy group),
the PA-index was between 150 (45% of normal) and
250 mm?/BSA (75% of normal).

In the Rastelli group, the PA-indexes scattered and
the variation was similar to that of the tetralogy group.
In this group, the lowest value of the PA-index was
below 100 mm?/BSA and smaller than that of the
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Fig. 2. Measurement of PA-index in three patients with tetralogy of Fallot. Left, A S-ycar-old girl with a
PA-index of 107 mm?/BSA before operation. Middle, A 4-year-old girl with a PA-index of 164 mm?*/BSA before
operation. Right, A 6-year-old boy with a PA-index of 324 mm?/BSA before operation.

Fig. 3. Angiograms of patients who underwent the Rastelli operation. Left, A 14-year-old girl with pseudotruncus
and a PA-index of 94 mm?/BSA. Middle, A T-year-old girl with transposition, a noncon{luent pulmonary artery,
and a PA-index of 177 mm?*/BSA. The picture was reconstituted from two separate wedge angiograms. Right, A
S-year-old boy with transposition and a PA-index of 330 mm?/BSA before operation.

tetralogy group. The PA-index in patients with tetralogy
of Fallot and pulmorary atresia did not show any
significant difference compared to the group with trans-
position of the great arteries and pulmonary stenosis or
atresia (p < 0.01). Six patients (25%) had a PA-index in
the control range.

In the Fontan group, the PA-indexes were distributed
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at higher levels than those of the other two entities. All
patients had a PA-index of more than 200 mm?/BSA.
Eleven patients (70%) had a PA-index in the control
range.

Postoperative courses were reviewed with special
interest in occurrence and severity of heart failure in
relation to the properative PA-index. Here, heart failure
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Fig. 4. Correlation between body surface area (B.S.A., in
square meters) and summed cross-sectional areas (in square
millimeters) of both right and left pulmonary arteries.
Y =343.7X — 10.9, r = 0.98, p < 0.01. The size of the pulmo-
nary arteries changes in one cardiac cycle. The pulmonary
arterial {PA) areas which are calculated at the maximum and
minimum are averaged in order to obtain a mean area for each
individual. The PA area represents the sum of right and left
pulmonary arterial areas.

was graded as either severe, in which the patients needed
catecholamine support for more than 72 hours, or
moderate, in which the patients required catecholamine
support for more than 12 hours and less than 72
hours.

In the tetralogy group, there were no hospital deaths.
Ten patients had a PA-index of less than 180 mm?/
BSA, and all of them had severe heart failure, necessi-
tating catecholamine support for .more than 72 hours
after operation. The mean dosage of catecholamines, of
which isoproterenol was considered most appropriate for
cyanotic heart disease,* was 2.5 X 10~ mg/kg/min. Out
of 15 patients with a PA-index between 180 and 250
mm?*/BSA, six needed catecholamines for more than 72
hours. The mean dosage in these six patients was
0.8 X 10~ mg/kg/min. Three of these six patients
needed catecholamine support because of considerable
bradycardia without any sign of heart failure, whereas
the remaining nine patients had no sign of heart failure
without the aid of an inotropic agent.

Nineteen patients with the PA-index of more than
250 mm?/BSA had ‘a smooth postoperative course
without inotropic support. In the patients with a higher
PA-index; the need for inotropic support decreased
significantly (p < 0.01) (Fig. 7). A similar relationship
was noticed between the PA-index and the cardiac index
after the répair (Fig. 8). The equation is:

© Y =0.0048X + 2.01
where X =PA-index and Y = cardiac index (n=2l,
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Fig. 5. Normal value of PA-index. Normal values for control
were obtained from 40 cases. The values of the PA-index were
distributed evenly over a wide range of body surface areas
(BS.A.) from 0.33 to 1.57 m2 The mean value and standard

deviation was 330 = 30 mm?/BSA.
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® o .“
N F :
uk 4
0 T & ¢
3 .
100 3 .
normal TOF g. Rastellig. Fontang.

Fig. 6. Distribution of the PA-index before operation in each
group. In the control group, the PA-index of all patients falls in
a range between 300 and 400 mm?/BSA. In the tetralogy
(TOF) and Rastelli groups, the PA-index ranged from 100 to
400 mm?/BSA. In the tetralogy group, 20% had a normal
PA-index, while the remaining 80% showed various degrees of
hypoplasia of the pulmonary arteries. In the Fontan group, the
development of the pulmonary arteries was better than that in
other two groups, and 70% of the patients had a PA-index in
the almost normal range.

r=0.69, p<0.01). In six patients with a small PA-
index below 200 mm?/BSA, the cardiac index was
measured during catecholamine support.

In the Rastelli group, all the patients with a PA-index
less than 200 died. By contrast, the majority rate in
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Fig. 7. Occurrence and grade of heart failure following total
correction of tetralogy of Fallot. The PA-index before opera-
tion and the duration of catecholamine support after total
correction of tetralogy is presented. Those with a PA-index of
less than 200 mm?/BSA, or less than 60% of normal, tended to
have mioderate to severe low cardiac output, for which
catecholamine support was necessary for more than 72 hours.

For patients with a PA-index of 250 mm?/BSA or more, no
inotropic support was required after operation. C.4., Catechol-
amine.

C.l.
@
17emia s * '/
.
30
Y = 0.0048X + 2,01
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@ % R = 0.69
. .
o TR 700 30 w

Phtndex

Fig. 8. Correlation between the preoperative PA-index and
the cardiac index (C.J.} measured 24 hours after operation.
Y =0.0048X + 2.01, r =0.69, p<0.01. Those with.a PA-
index over 250 mm?/BSA had a cardiac index of more than
3.0 without the aid of an inotropic agent.

patients with a PA-index of more than 200 mm?/BSA
was only 6% (Fig. 9).

The operative mortality rate was not influenced by
any other factors, such as the age at operation, the
length of perfusion time, and the aortic cross-clamp time
(Table II). Six patients died in this series. Three of
these six patients had severe heart failure and failed to
respond to inotropic support. The other two patients,
basically with severe heart failure, died of infection and
hepatic dysfunction, respectively. The last patient, with
a PA-index of 354 mm?/BSA, died of massive tracheal
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Fig. 9. Mortality after the Rastelli operation in relation to
the preoperative PA-index. Retrospective analysis of the
PA-index revealed clear-cut evidence as to the lower limit of
operability in our hands. All patients with a PA-index of under
200 mm?*/BSA died of low cardiac output. However, of the 21
patients who had a PA-index of more than 200 mm?/BSA,
only one died (of bronchial bleeding) resulting in a mortality
rate of 5% (p < 0.01).
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Fig. 10. Mortality after the Fontan operation in relation to
the preoperative PA-index. In the 15 patients having Fontan
procedures, all but two had a PA-index of more than 250
mm?/BSA, or more than 75% of normal. Two patients with a
PA-index under 250 died of low cardiac output soon after the
operation. On the other hand, in the group of 13 with a
PA-index of more the 250, only one died of ventricular
tachycardia. C.A4., Catecholamine.

hemorrhage and severe hypoxia on the eleventh day
after a Rastelli procedure. However, his hemody-
namic status had been stable without any inotropic
agent. ‘

In the Fontan group, patients with a PA-index of
more than 300 mm*/BSA had fairly good postoperative
hemodynamics with catecholamine support for 2 or 3
days, whereas two patients with a PA-index of less than
250 mm?/BSA died of severe heart failure. These
PA-indexes were calculated as 218 and 208, respective-
ly. Unfortunately, one patient with a PA-index above
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Fig. 11. Increase in PA-index after palliative procedure. Palliation has to be considered to develop a hypoplastic
left pulmonary artery like that on the left. Following the left Blalock-Taussig shunt, the PA-index increased from 80
to 150 mm?/BSA in 4 years. However, the patient died of bleeding in the upper gastrointestinal tract after the
Rastelli operation. In retrospect, another shunt operation had to be performed on the right side in view of our
current lower limit for the PA-index of 200 mm?*/BSA for the Rastelli procedure.

the normal range died of uncontrollable ventricular
tachycardia in the operating room (Fig. 10).

Discussion

In cyanotic heart disease, the magnitude of the
pulmonary blood flow is reflected in the development of
the pulmonary arteries*® and the left ventricular vol-
ume.”® Severe hypoplasia of the pulmonary artery and
the left ventricle may cause excessively high right
ventricular pressure and heart failure following defini-
tive repair. Since palliative procedures are available in
this entity, indications for total correction have to be
decided according to the method of correction and the
surgical results in each institution. In order to determine
the surgical indication based on a quantitative evalua-
tion, several methods have been tried to quantify the size
of the pulmonary artery, mainly in tetralogy of Fallot.
These methods include the ratio of diameters of the
pulmonic anulus against the aortic anulus! or the ratio of
the mean diameter of the right and left pulmonary
arteries against that of the descending aorta at the level
of the diaphragm.* The diameter ratio of the main
pulmonary trunk and the ascending aorta is influenced
by the valvular and supravalvular stenosis and cannot be
applied in patients with pulmonary atresia. The latter
method is applicable in various diseases. However,
standardization of values in different body sizes and
different entities is a problem. Therefore, we utilized a

cross-sectional area rather than the diameter to have a
better correlation with the capacity of the pulmonary
arteries and, for the sake of standardization, divided the
resultant value by the body surface area.

The PA-index was found to be constant over a wide
range of body surface areas from infancy to adolescence.
Thus, the normal mean value of 330 = 30 mm?*/BSA
can be applicable over a wide range of patients. In the
measurement of the pulmonary artery in the control
group, the mean value of the maximum and minimum
diameters during a cardiac cycle was employed. Since
the size of the pulmonary artery in cyanctic heart
diseases with decreased blood flow showed almost no
fluctuation owing to low intraluminal pressure in a
cardiac cycle, the mean value in the control group
should reflect a similar status rather than that seen in
systole. Generally speaking, there was a difference of
approximately 20% between PA-indexes during systole
and diastole.>" This was pointed out by Jarmakani and
associates,'> who reported on the size of the right
pulmonary artery and demonstrated the pressure-radius
relationship. Severe deformities of the pulmonary artery
in the vicinity of the previous shunt occasionally cause
difficulty in measuring diameter in cyanotic heart
disease. The general principle of this PA-index is based
on calculation of areas of the pulmonary arteries at their
distal end where conventional angioplasty can be per-
formed through a median sternotomy. Therefore, in case
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of localized deformity of the pulmonary artery, we take
the measurement just proximal to the first branch.

Retrospective analysis of the preoperative PA-indexes
and surgical results in three groups disclosed different
lower limits of the PA-index for the safe conduct of
various procedures in each entity. In the Fontan group,
the PA-indexes were distributed at higher levels than
those in the other two entities and were almost in the
normal range. Pulmonary circulation in this group is
sustained without effective right ventricular contraction
but rather by right atrial contraction or by venous
pressure. This peculiar anatomic and physiological situ-
ation naturally requires an almost normal pulmonary
arterial size, as suggested by Fontan and associates.”
The retrospective analysis of our patients who had a
successful Fontan-type operation revealed that our
empirical estimation of development of the pulmonary
artery tree was almost appropriate.

The incidence of severe heart failure in the postoper-
ative period was found to be higher in patients with a
smaller PA-index in each group after total correction.
Although no postoperative deaths occurred in tetralogy,
frequently patients with a PA-index between 100 and
150 mm?/BSA had severe heart failure following total
repair, and the mean cardiac index was 2.5 even with the
aid of catecholamine for this particular subset of
patients. Therefore, for the sake of safety, patients with
a PA-index of more than 100 mm?/BSA currently can
be regarded as candidates for total correction at our
hospital.

In the Rastelli group, total correction has to be
performed in those with a PA-index of larger than 200
mm?/BSA (Fig. 11). The mortality rate in patients with
a PA-index of less than 200 was 100%, whereas the rate
in patients with an index of more than 200 was
significantly lower, at 6% (p <0.01).

Retrospective analysis of the Fontan procedure
showed that a PA-index of more than 250 mm?/BSA
~ would be necessary to obtain acceptable results. The
mortality rate in this subset was 8%, whereas there were
no survivors among those with a PA-index below 250.
For the latter group, palliation might be the procedure
of choice, since 75% of our patients with a Fontan
procedure had undergone previous palliation, which
helped the pulmonary artery to grow adequately for
functional correction.* %1

Choussat and associates's sugg&sted that the preoper-
ative measurement of pulmonary résistance is of impor-
tance. However, in the majority of our patients with
tricuspid atresia, preoperative catheterization failed to
‘measure the pulmonary arterial pressure, and intraoper-
ative evaluation of the resistance would be unreliable
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because of anesthesia and deep sedation. Instead, the
PA-index could represent to some degree availability of
the pulmonary vascular beds even if the pulmonary
resistance were unknown. The PA-index can be inverse-
ly affected in the presencé of peripherally situated
anomalies, such as peripheral stenosis. However, in case
of cyanotic heart disease with decreased pulmonary
blood flow, development of peripheral stenosis is
extremely rare owing to low intraluminal pressure. The
only exception is found in major bronchopulmonary
collateral arteries, whose embryogenesis is considered to
be different; furthermore, intraluminal pressure proxi-
mal to the stenctic lesion generally is at systemic level.
Our results indicated the validity of the PA-index in
predicting the postoperative prognosis of the Fontan
procedure. The PA-index also may serve as a useful
guide in comparing surgical results from different
institutions -having patients with anomalies of varying
severity. The lower limit of the PA-index should vary
from one institution to another, but would help to
improve the salvage rate of the patients undergoing
various procedures.
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