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Unifocalization and pulmonary artery reconstruction in
patients with tetralogy of Fallot and major
aortopulmonary collateral arteries who underwent
surgery before referral
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Frank L. Hanley, MD,a and Doff B. McElhinney, MDa
ABSTRACT

Objective: The study objective was to characterize and analyze outcomes in pa-
tients with tetralogy of Fallot and major aortopulmonary collateral arteries who
had undergone surgery elsewhere before referral (prereferral surgery).

Methods: Patients with tetralogy of Fallot and major aortopulmonary collateral ar-
teries who underwent surgery between 2001 and 2019 at our center were reviewed.
Prereferral surgery and unoperated patients were compared, as were subsets of
prereferral surgery patients who had undergone different types of prior proced-
ures. Primary outcomes included complete repair with survival to 6 months, death,
and perioperative metrics.

Results:Of 576 patients studied, 200 (35%) had undergone a wide range and num-
ber of prior operations elsewhere, including 92 who had pulmonary blood supply
through a shunt and 108 who had a right ventricle pulmonary artery connection.
Patients who underwent prereferral surgery with an existing right ventricle pulmo-
nary artery connection had undergone more prereferral surgery procedures than
those with a shunt and were more likely to have a right ventricle outflow tract pseu-
doaneurysm or pulmonary artery stent (all P<.001) at the time of referral. The cu-
mulative incidences of complete repair and death were similar regardless of
prereferral surgery status, but the cumulative incidence of complete repair with
6-month survival was higher (P ¼ .002) and of death lower (P ¼ .18) in patients
who had prior right ventricle pulmonary artery connection compared with those
who had received a prior shunt only.

Conclusions: Our comprehensive management strategy for tetralogy of Fallot and
major aortopulmonary collateral arteries can be applied with excellent procedural
results in both unoperated patients and those who have undergone multiple and
varied procedures elsewhere. (J Thorac Cardiovasc Surg 2020;160:1268-80)
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CENTRAL MESSAGE

Despite diverse prereferral man-
agement strategies, patients with
TOF/MAPCAs achieved compa-
rable rates of complete repair
with low mortality whether
treated primarily or secondarily
at our center.
PERSPECTIVE
TOF/MAPCAs remain a challenging congenital
heart defect to manage, resulting in a diverse
array of palliative surgical strategies that can
temporize a child who may eventually present
for complete repair by unifocalization and intra-
cardiac septation. This study aims to understand
the outcomes for this cohort and to demon-
strate that favorable results usually can be
achieved.
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Our institutional approach to themanagement of tetralogy of
Fallot with major aortopulmonary collateral arteries (TOF/
MAPCAs) emphasizes early complete unifocalization
and repair, typically in a single stage.1-3 This condition
may be managed differently at other centers,4-18 and a
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Abbreviations and Acronyms
LPCHS ¼ Lucile Packard Children's Hospital at

Stanford
MAPCA ¼ major aortopulmonary collateral artery
PA ¼ pulmonary artery
PRS ¼ prereferral surgery
RV ¼ right ventricle
RVOT ¼ right ventricular outflow tract
TOF ¼ tetralogy of Fallot
VSD ¼ ventricular septal defect
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substantial subset of the patients we treat have undergone
prereferral surgery (PRS) externally. In previous studies,
PRS was not associated with important differences in
outcome,3 but we have not evaluated this issue in depth. Pa-
tients who have undergone PRS are typically older than un-
operated patients andmay have been leftwith heterogeneous
lung perfusion and pressure, sometimes with consequent
pulmonary vascular disease or parenchymal hypoplasia, in
the setting of residual reconstructed pulmonary artery (PA)
bed stenosis, vessel loss or occlusion, persistent MAPCAs,
or unrestricted flow through an open ventricular septal
defect (VSD) with a right ventricle (RV) to PA connection.
Moreover, patients who have undergone PRS pose unique
reoperative challenges: multiple prior sternotomies, RV
outflow tract (RVOT) pseudoaneurysms, catheter-based
PA stents, and occluded vessels in these patients increase
reoperative surgical complexity. Given a desire to provide
specific outcome data to this population, and the substantial
proportion of our patients who have undergone PRS, we
undertook a focused evaluation of preoperative characteris-
tics, intraoperative factors, and outcomes.
VIDEO 1. The fundamental techniques used in revision surgery for TOF/

MAPCAs are demonstrated, emphasizing extensive distal dissection into

lung parenchyma after branch PA or MAPCA mobilization, management

of existing catheter-based stent therapy, segmental and subsegmental vessel

interrogation, and multilevel homograft patch augmentation. Video avail-

able at: https://www.jtcvs.org/article/S0022-5223(20)30746-7/fulltext.
MATERIALS AND METHODS
Patients

A retrospective review was performed to collect data on all patients

with TOF/MAPCAs who underwent surgery at Lucile Packard Children's
Hospital at Stanford (LPCHS) from November 2001 to May 2019. In

general, regardless of prior operative status, all patients with anatomy

and physiology conducive to achieving intracardiac repair with a low

RV systolic pressure (<50% of systemic systolic pressure or mean cen-

tral PA pressure �25 mm Hg), based on detailed cardiac catheterization

and angiography data, along with computed tomographic imaging in

some cases, were considered. A small percentage of patients were

deemed inoperable because of irreversible pulmonary vascular disease,

substantial and long-standing vessel loss (where the number of unsal-

vageable segmental arteries supplied more than 40%-50% of the total

lung parenchyma), or refractory noncardiovascular comorbidity, but

data were not available for this cohort. Patients who underwent complete

repair by one of the authors (F.L.H.) at a prior institution1 and had un-

dergone additional surgery at LPCHS were captured in the database

but were excluded from this study.

Patients were grouped according to specific procedural factors and the

status of the circulation at the time of referral: no PRS (including patients

who had undergone transcatheter interventions only), systemic-to-PA
The Journal of Thoracic and Car
shunt/connection, RV-PA connection with fenestrated or open VSD, or

RV-PA connection with closed VSD (including patients with an uninten-

tional residual VSD). Patients who underwent sternotomy and an aborted

procedure were grouped with patients who had a prior systemic-to-PA

shunt/connection to account for reoperative status and physiology. Prein-

tervention anatomic data were recorded, but the native anatomy of the pul-

monary circulation was not always known in detail to the investigators.

Regular follow-up was performed at our center or as ongoing clinical

consultation with patients who were referred from elsewhere. Patients

were followed until the most recent evaluation at our center or elsewhere,

death, or loss to follow-up.
Surgery
Our approach to surgery in patients with TOF/MAPCAs has been

detailed.1-3 In brief, our programmatic management algorithm aims for

early complete unifocalization and intracardiac repair incorporating all

lung segments, with augmentation of PA branches (whether native PAs

or MAPCAs) down to the segmental level as needed. Complete repair

refers to full unifocalization or PA augmentation, VSD closure, and

placement of a conduit from the RV to the unifocalized PAs. In general,

the goal is to complete the repair in one operation if low RV systolic

pressure (<50% of systolic systemic pressure) can be achieved;

otherwise, the reconstructed PA circulation is supplied by a central

systemic-to-PA shunt.19 In patients with borderline anatomy or physiology

for repair, as estimated by the surgeon's assessment of the preoperative im-

aging, hemodynamics, and intraoperative reconstruction, an intraoperative

flow study is used selectively to estimate postreconstruction PA

resistance.20

In PRS patients, the same philosophy applies, with reconstruction of

the PA circulation (unifocalization of MAPCAs, revision of prior uni-

focalization, PA augmentation, branch ostioplasty, and recruitment of

occluded PA branches or MAPCAs as indicated), full VSD closure,

and RV-PA conduit placement, using techniques described in detail pre-

viously (Video 1).1,2,19,21-23 In patients with a previously placed PA

stent, the stent is removed (or transected if removal is not feasible)

and the vessel augmented with a patch (typically pulmonary

homograft tissue). Atretic proximal and intraparenchymal PA or

MAPCA branches are identified on preoperative imaging and

incorporated into the reconstruction if feasible, generally based on

size and accessibility.24
diovascular Surgery c Volume 160, Number 5 1269
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Outcomes
The primary outcomes for this studywere cumulative incidences ofmor-

tality and complete repair over time from the initial surgery at our center;

this interval was chosen given the variability in timing of referral and our

desire to provide patient-centric outcomedata based on treatment at our cen-

ter. Additional outcomes included hospitalmortality, length of hospital stay,

and for patients undergoing complete repair, early postrepair RV systolic

pressure, RV:aortic systolic pressure ratio, and results of predischarge

lung perfusion scintigraphy.25 RV systolic and aortic pressures were

measured by direct pressure manometry in the operating room after separa-

tion from bypass. Lung perfusionmeasurements were described previously,

with left-right imbalance (maldistribution) defined as less than 30% or

greater than 60% of total pulmonary blood flow to the left lung, and extreme

imbalance defined as less than 20% or greater than 70% to the left lung.25

For patients with regional perfusion data (ie, upper, middle, lower zones),

the percentages of total left or right lungflow to each regionwere calculated.

Regional perfusion imbalance was defined for upper and lower lung fields

within each lung as percentage of flow greater than 1 standard deviation

above or below the population mean for that region.

Data Analysis
Data were presented as number (%) or median (25th-75th percentiles).

Comparison of categorical variables between groups was performed using

the Fisher exact test. Nonparametric comparison of continuous variables

was performed using the Wilcoxon rank-sum test or the Kruskal–Wallis

test. Cumulative incidence functions were estimated for the 3 competing

outcomes (complete repair with survival for at least 6 months, death, and

alive without complete repair) using Gray's method,26 and time-related

competing outcomes were depicted with cumulative incidence curves.

Comparison of cumulative incidence functions between groups was per-

formed using Gray's test. Limited multivariable analysis was conducted

for competing outcomes to account for age at the first LPCHS surgery,

number of prereferral surgeries, and type of PRS by fitting proportional

subdistribution hazards regression model using the Fine and Gray

method.27 Cumulative incidence estimates were presented as proportion

with 95% confidence interval. For the purposes of outcome categorization,

patients who died within 6 months of complete repair were grouped as

“death” and patients who died more than 6 months after complete repair

were grouped as “complete repair with survival for 6 months or more.”

A 6-month (as opposed to 30-day) interval was chosen in a effort to provide
TABLE 1. Demographic and diagnostic features and early outcomes afte

according to prereferral surgery status

Total (n ¼ 576)

Age at first LPCHS surgery (y) 0.6 (0.3, 2.2)

Chromosome 22q11 deletion 205 (38%)

Alagille syndrome 16 (3%)

Native anatomy

Ductus to 1 lung 46 (8%)

Confluent central PAs 409 (76%)

No. of MAPCAs 4 (3, 5)

Complete repair at first LPCHS surgery 378 (66%)

Flow study performed first LPCHS surgery 88 (15%)

Postoperative hospital stay (d) 15 (10, 27)

ICU stay (d) 9 (6, 18)

Early death after first LPCHS surgery 22 (4%)

LPCHS, Lucile Packard Children's Hospital at Stanford; PA, pulmonary artery; MAPCA, m
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conservative estimates of positive outcomes. Cases with missing data were

excluded from analysis on a case-wise basis. R version 3.3.1 was used for

statistical analysis.
RESULTS
Patients

From November 1 to May 2019, 601 patients with TOF/
MAPCAs underwent surgery at our center; 25 of these pa-
tients underwent surgery after complete repair at the prior
institution of the primary surgeon (F.L.H.) and were
excluded from this study. The study cohort included the re-
maining 576 patients, 200 (35%) of whom had undergone
PRS. Eight patients who had undergone catheter interven-
tions only (ductal stent in 3, RVOT stent in 2, balloon pul-
monary valvuloplasty in 2, MAPCA stent in 1) were
included in the “no prior surgery” group. Baseline charac-
teristics are summarized in Table 1. PRS patients were
significantly older, were more likely to have native
confluent central PAs, and had fewer MAPCAs than those
without PRS, but were demographically and diagnostically
similar in other respects.
Prereferral Surgery Cohort
The annual number of TOF/MAPCAs cases during the

study period ranged from 20 to 54, with 14% to 47% having
undergone PRS. Although the balance of cases varied from
year to year, there was a trend toward more PRS cases over
time; 26% of the overall TOF/MAPCAs cohort, 33% of
PRS patients, and 44% of patients with a prior RV-PA connec-
tion were referred after 2015. Likewise, in the last quartile of
the study period, PRS patients commonly hadRVOTpseudoa-
neurysm (54%), existing PA stent (46%), occluded proximal
PAbranch (38%), or an occluded PAbranch at any level incor-
porated into the reconstruction (43%).
r the first surgery at Lucile Packard Children's Hospital at Stanford

Cardiac surgery before referral

No (n ¼ 376) Yes (n ¼ 200) P value

0.4 (0.2, 0.6) 3.0 (1.1, 6.1) <.001

135 (38%) 70 (39%) .78

11 (3%) 5 (2%) >.99

35 (9%) 11 (7%) .32

278 (74%) 131 (82%) .044

4 (3, 5) 3 (2, 4) <.001

245 (65%) 133 (66%) .78

54 (14%) 34 (17%) .40

17 (11, 31) 14 (9, 22) <.001

9 (7, 20) 8 (6, 14) .033

16 (4%) 6 (3%) .50

ajor aortopulmonary collateral artery; ICU, intensive care unit.

gery c November 2020
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Prereferral Surgery Patients With a Prior Systemic-
to-Pulmonary Artery Connection

At referral, 92 PRS patients (46%) had a systemic-to-PA
connection; 18 (9%) had an aortopulmonary window alone,
32 (16%) had a shunt without unifocalization, 39 (19.5%)
had a shunt or aortopulmonary window with complete
(n ¼ 12) or partial (n ¼ 27) unifocalization, and 3
(2%) had undergone sternotomy without intervention
(Figures 1-4). The majority of these patients had no prior
surgery on MAPCAs. Existing PA stents were uncommon
in shunted patients, and acquired atresia of a proximal PA
branch was documented in 10%. This cohort was older
than unoperated patients, but younger than those with an
RV-PA connection (Tables 1 and 2).
Prereferral Surgery Patients With a Prior Right
Ventricle-Pulmonary Artery Connection

PRS patients with a prior RV-PA connection (108; 54%)
were significantly older than unoperated patients or those
with a prior systemic-to-PA shunt, and more likely to
undergo complete repair during the initial LPCHS surgery
(Table 2). Compared with PRS patients with a systemic-
FIGURE 1. This series of angiograms depict the anatomy of a patient whowas

this image) to the central PAs with partial unifocalization. A, Angiogram through

sided partial unifocalization. B and C, Selective angiography of 2 single supply

plete repair in a single operation at our center, with a postoperative systolic RV pr

repair, show the reconstructed (D) right and (E) left PAs. The systolic central P

The Journal of Thoracic and Car
to-PA shunt, this subset had undergonemore prior surgeries,
more often had undergone prior unifocalization, were
more likely to have branch PA stents, and had higher
preoperative oxygen saturation (all P< .001). An RVOT
pseudoaneurysm was present in 5 of 13 patients (38%)
with a patch and 7 of 85 patients (8%) with a conduit
(P ¼ .009).
Among patients with a prior RV-PA connection, 74 had

an open VSD (no patch in 54, fenestrated patch in 20) and
34 had a closed VSD (6 with an unintended residual defect).
RV systolic pressure was supra-systemic in approximately
10% of patients with an RV-PA connection and systemic
in 61%, more often in those with an open than a closed
VSD (Table 2). Patients with an open VSD had undergone
more prior surgeries than those with a previously closed
VSD, but prior unifocalization was similarly common.
Procedural Outcomes: Initial Surgery at Lucile
Packard Children's Hospital at Stanford
Complete repair was performed during the first

LPCHS surgery in approximately two-thirds of patients,
regardless of PRS status (Table 1). There was no
referred at 1.1 years of age after a systemic-to-PA shunt (partially stented in

the partially stented shunt (red arrows) depicting the central PAs and right-

MAPCAs arising from the descending aorta. This patient underwent com-

essure of 27 mmHg. D and E, These postoperative angiograms, 1 year after

A pressure was 26 mm Hg, and no interventions were performed.

diovascular Surgery c Volume 160, Number 5 1271



FIGURE 2. This series of angiograms depict the anatomy of a patient who underwent partial unifocalization, fenestrated VSD closure, and placement of an

RV-PA conduit before referral. At the time of referral, the partially unifocalized MAPCAs are stenotic and hypoplastic (A and B), with 2 atretic branches to

the left lung (C and D) that were imaged through a small peripheral connection to one of theMAPCAs but did not fill by central angiography, and (E) there is

a residualMAPCA to the right upper lobe. The initial procedure at our center consisted of complete PA reconstruction supplied by a central shunt at 9 months

of age. After complete repair during a subsequent LPCHS operation, at 1.5 years of age, the RV systolic pressure was 38 mm Hg. F, This central PA angio-

gram performed at 9 years of age shows the reconstructed PA system; the systolic main PA pressure was 26 mm Hg.
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difference in early mortality according to PRS status,
and the durations of postoperative intensive care unit
and hospital stays were slightly but significantly shorter
in PRS patients.

Patients with systemic-to-PA shunt PRS were less likely
than those with RV-PA connection or non-PRS to have
1272 The Journal of Thoracic and Cardiovascular Sur
complete repair at the first LPCHS surgery (Table 2).Within
this subset, no demographic or historical features, including
prior partial or complete unifocalization, were associated
with the likelihood of complete repair during the first
LPCHS surgery. All 20 shunted patients who had a flow
study to determine whether complete repair would be
gery c November 2020



FIGURE 3. This series of angiograms is from a patient who was referred at 4.6 years of age after placement of an RV-PA conduit and VSD closure without

unifocalization (MAPCAs embolized). A-D, Preoperative angiograms demonstrate the residual lobar and segmental stenoses in the (A) right and (B-D) left

PA systems. PA reconstruction and complete repair were performed during the first surgery at our center, with an postoperative RV systemic pressure of

24mmHg. E and F, Angiograms from the 1-year postrepair catheterization show the reconstructed branch PA anatomy. The systolic main PA pressure during

catheterization was 33 mm Hg.
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feasible at the first operation passed the study and were
repaired.

Patients with RV-PA connection PRS were more likely to
undergo recruitment of occluded PA/MAPCA branches and
to have a complete repair at the first LPCHS surgery than
those with a prior shunt (Table 2). Among patients with a
The Journal of Thoracic and Car
previously closed VSD, 91% had complete repair during
the first LPCHS surgery. However, among patients with a
prior RV-PA connection and an open VSD, 69% underwent
complete repair during the first surgery, whereas 31% had
revision unifocalization and PA reconstruction without
VSD closure (either to a shunt or leaving the RV-PA
diovascular Surgery c Volume 160, Number 5 1273



FIGURE 4. This series of main PA angiograms in 4 different patients with TOF/MAPCAs demonstrates some of the various postoperative anatomies

encountered in patients referred after surgery that included RV-PA connection. The images show irregular distribution of branches, residual stenosis of uni-

focalized MAPCAs and native PAs, occlusion/absence of proximal, lobar, or segmental branches, and stents with neo-intimal obstruction.
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connection in place). In most of these patients who did not
undergo complete repair at the first LPCHS procedure, 1
branch PA system was more severely affected than the
other, and the a priori aim was to reconstruct the more
severely affected system and complete the repair at a second
operation. Approximately one-fifth of patients with an open
VSD (n ¼ 14) had a flow study performed before deciding
whether to complete the repair, similar to the percentage of
patients with a prior shunt, and 9 patients (64%) underwent
complete repair. Postoperatively, patients with a prior RV-
PA connection and an open VSD had significantly longer
stay in the intensive care unit than those with a previously
closed VSD.
Procedural Outcomes: Complete Repair
In the entire cohort, a total of 517 patients underwent

complete repair at the initial LPCHS surgery (n ¼ 378) or
1274 The Journal of Thoracic and Cardiovascular Sur
a subsequent operation (n ¼ 139). Although only 51 of 74
patients with RV-PA connection PRS with an open VSD un-
derwent complete repair during the first LPCHS surgery, all
but 6 were later completely repaired. PRS patients had
higher early postrepair RV systolic pressure and RV:aortic
systolic pressure ratio than unoperated patients, and there
were several differences in lateral and regional lung perfu-
sion distribution (Table 3). PRS patients with 1 or more at-
retic branches unifocalized at the time of repair were more
likely to have unbalanced left-right pulmonary blood flow
distribution (52% vs 21%; P ¼ .002), although there was
no difference in the postrepair PA:aortic pressure ratio.

There was no difference in RV pressure or lung perfusion
metrics between PRS patients who had a prior shunt and
patients with a prior RV-PA connection (Table 3). Patients
presenting to LPCHS with an atretic branch and who had
this branch incorporated into the PA reconstruction at
gery c November 2020



TABLE 2. Characteristics at the time of first surgery at Lucile Packard Children's Hospital at Stanford of patients who had prereferral surgery

according to prior surgery type and ventricular septal defect status

Total

(n ¼ 200)

Systemic-to-PA

shunt (n ¼ 92)

RV-PA

connection

(n ¼ 108) P value

RV-PA

connection

VSD closed

(n ¼ 34)

RV-PA

connection

VSD open

(n ¼ 74)

P

value

Age at first LPCHS surgery (y) 3.0 (1.1, 6.1) 1.2 (0.7, 5.4) 4.0 (2.0, 7.4) <.001 4.7 (2.4, 11.6) 4.0 (1.8, 6.2) .14

Chromosome 22q11 deletion 70 (39%) 34 (43%) 36 (36%) .44 11 (37%) 25 (36%) >.99

Alagille syndrome 5 (2%) 3 (3%) 2 (2%) .66 1 (3%) 1 (1%) .53

Native anatomy

Ductus to 1 lung 11 (7%) 4 (5%) 7 (8%) .55 1 (4%) 6 (9%) .67

Confluent central PAs 131 (82%) 57 (77%) 74 (87%) .14 22 (96%) 52 (84%) .27

No. of MAPCAs 3 (2, 4) 3 (2, 4) 2 (1, 4) .044 1 (1, 3) 3 (1, 4) .11

No. of surgeries before LPCHS 2 (1, 2) 1 (1, 2) 2 (1, 3) <.001 2 (1, 3) 2 (1, 3) .76

Existing RVOT connection type

Conduit 85 (87%) - 85 (87%) - 23 (96%) 62 (84%) .18

Patch 13 (13%) - 13 (13%) 1 (4%) 12 (16%)

RVOT pseudoaneurysm 13 (6%) 0 (0%) 13 (12%) <.001 2 (6%) 11 (15%) .22

Proximal branch PA occlusion 29 (14%) 9 (10%) 20 (19%) .11 3 (9%) 17 (23%) .11

Prior PA/MAPCA stents 49 (24%) 7 (8%) 42 (39%) <.001 10 (29%) 32 (43%) .21

Unifocalization � PA augmentation

No 75 (38%) 53 (58%) 22 (20%) <.001 5 (15%) 17 (23%) .45

Partial 85 (42%) 27 (29%) 58 (54%) 18 (53%) 40 (54%)

Yes 40 (20%) 12 (13%) 28 (26%) 11 (32%) 17 (23%)

Prior VSD closure

Fenestrated/residual 26 (13%) 0 (0%) 26 (24%) <.001 6 (18%) 20 (27%) <.001

No 146 (73%) 92 (100%) 54 (50%) 0 (0%) 54 (73%)

Yes 28 (14%) 0 (0%) 28 (26%) 28 (82%) 0 (0%)

Preoperative systemic arterial oxygen

saturation (%)

83 (78, 91) 80 (75, 83) 90 (83, 96) <.001 97 (94, 98) 85 (81, 91) <.001

RV systolic pressure

Sub-systemic (<75%) 8 (8%) 6 (21%) 2 (3%) <.001

Sub-systemic (75%-99%) 23 (23%) 12 (41%) 11 (15%)

Systemic 62 (61%) 8 (28%) 54 (74%)

Supra-systemic 9 (9%) 3 (10%) 6 (8%)

Atretic PA/MAPCA branch unifocalized 35 (18%) 5 (5%) 30 (28%) <.001 8 (24%) 22 (30%) .64

Bilateral (vs unilateral) PA reconstruction 137 (70%) 62 (70%) 75 (70%) .96 25 (76%) 50 (68%) .39

Complete repair at first LPCHS surgery 133 (66%) 51 (55)% 82 (76%) .003 31 (91%) 51 (69%) .015

Flow study performed first LPCHS surgery 34 (17%) 20 (22%) 14 (13%) .13 0 (0%) 14 (19%) .004

ICU stay (d) 8 (6, 14) 9 (6, 14) 8 (5, 15) .35 6 (3, 8) 9 (6, 15) .045

Postoperative hospital stay (d) 14 (9, 22) 14 (9, 23) 13 (8, 22) .30 13 (9, 21) 14 (8, 22) .53

Early death after first LPCHS surgery 6 (3%) 3 (3%) 3 (3%) >.99 2 (6%) 1 (1%) .23

PA, Pulmonary artery; RV, right ventricle; VSD, ventricular septal defect; LPCHS, Lucile Packard Children's Hospital at Stanford;MAPCA, major aortopulmonary collateral ar-

tery; RVOT, right ventricular outflow tract; ICU, intensive care unit.
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LPCHS were more likely to have postrepair left-right flow
imbalance than those who did not (52% vs 24%;
P ¼ .017), although the RV pressure (28 [25-34] vs 35
[28-40], P ¼ .003) and PA:aortic pressure ratio (0.33
[0.28-0.38] vs 0.37 [0.31-0.43], P ¼ .031) were lower in
the former cohort. Likewise, patients presenting to LPCHS
The Journal of Thoracic and Car
with a proximal left or right PA occlusion (different from
atretic branch recruitment) and who underwent reconstruc-
tion of the occluded PA at LPCHS were more likely to
have left-right perfusion imbalance (56% vs 25%,
P ¼ .018) or extreme imbalance (31% vs 6%, P ¼ .007).
There were no significant differences in RV pressure,
diovascular Surgery c Volume 160, Number 5 1275



TABLE 3. Early outcomes after complete repair according to prior surgical status

Total (n ¼ 517)

Cardiac surgery before LPCH Prior surgery type

No (n ¼ 338) Yes (n ¼ 179)

P

value

Shunt

(n ¼ 77)

RV-PA

connection

(n ¼ 102)

P

value

Age at repair (y) 0.8 (0.4, 2.8) 0.5 (0.3, 1.0) 3.1 (1.3, 7.2) <.001 1.6 (0.9, 6.2) 4.2 (2.0, 7.8) <.001

Postrepair RV systolic pressure (mm Hg) 32 (27, 38) 30 (27, 35) 34 (28, 40) .004 35 (28, 40) 32 (28, 38) .074

Postrepair RV:aortic pressure ratio 0.35 (0.29, 0.40) 0.34 (0.28, 0.40) 0.36 (0.30, 0.42) .017 0.38 (0.30, 0.43) 0.35 (0.29, 0.40) .18

ICU stay (d) 8 (6,14) 9 (6, 15) 8 (5, 13) .065 8 (6, 12) 8 (5, 14) .65

Postoperative hospital stay (d) 14 (9,23) 16 (11, 25) 13 (8, 22) <.001 12 (8, 20) 13 (8, 21) .61

Early death after complete repair surgery 11 (2%) 6 (2%) 5 (3%) .53 1 (1%) 4 (4%) .39

Discharge lung perfusion scan findings

Right lung total perfusion (%) 57 (51, 64) 56 (50, 61) 61 (54, 69) <.001 61 (54,69) 61 (54,70) >.99

Right upper zone perfusion (%) 10 (7, 12) 9 (7, 12) 10 (7, 13) .35 10 (7, 12) 11 (8, 13) .20

Right middle zone perfusion (%) 28 (24, 33) 28 (23, 32) 30 (26, 34) .011 30 (25, 33) 30 (26, 34) .95

Right lower zone perfusion (%) 19 (15, 23) 18 (14, 22) 20 (17, 25) <.001 20 (17, 25) 21 (17, 25) .75

Left lung total perfusion (%) 43 (36, 49) 44 (39, 50) 39 (31, 46) <.001 39 (31, 46) 39 (30, 46) .98

Left upper zone perfusion (%) 10 (8, 13) 11 (8, 14) 9 (6, 11) <.001 10 (7, 12) 8 (6, 11) .20

Left middle zone perfusion (%) 20 (16, 24) 20 (17, 24) 19 (14, 23) .046 18 (14, 23) 19 (14, 24) .97

Left lower zone perfusion (%) 12 (9, 16) 13 (10, 16) 11 (7, 15) .004 11 (7, 15) 11 (7, 15) >.99

Left:right flow imbalance 90 (23%) 55 (20%) 35 (29%) .067 13 (23%) 22 (35%) .16

Extreme left:right flow imbalance 30 (8%) 19 (7%) 11 (9%) .54 4 (7%) 7 (11%) .53

Regional flow imbalance

Regional imbalance within right lung 123 (37%) 85 (37%) 38 (36%) >.99 19 (40%) 19 (33%) .42

Regional imbalance within left lung 122 (36%) 76 (33%) 46 (44%) .066 18 (38%) 28 (48%) .33

Regional imbalance within either lung 192 (57%) 129 (56%) 63 (60%) .48 27 (57%) 36 (62%) .69

Lung perfusion data available after complete repair in 389 patients, with regional right lung data available in 337 and regional left lung data in 336. Definitions of imbalance and

extreme imbalance as described in the “Materials and Methods” section. LPCH, Lucile Packard Children's Hospital; RV-PA, right ventricle to pulmonary artery; ICU, intensive

care unit.
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PA:aortic pressure ratio, or lung perfusion metrics
according to whether prior unifocalization had been
performed or there were PA stents.
Time-Related Outcomes
Follow-up was available for a median of 2.6 years

(0.4-7.5) after initial surgery at our center and for a
median of 2.8 years (0.3-7.5) after complete repair,
with no difference between patients who had and had
not undergone PRS (2.0 [0.4-7.1] vs 3.1 years
[0.2-7.7]; P ¼ .39). PRS patients with a prior
systemic-to-PA shunt had longer follow-up than those
with a prior RV-PA connection (5.0 [1.0-9.3] vs
1.2 years [0.1-4.7]; P < .001), reflecting the increasing
number of patients referred after an RV-PA connection
later in our experience.

Among the 67 PRS patients whose first LPCHS sur-
gery did not result in complete repair, 46 were repaired
at a median of 0.7 years (0.6-1.6 years) after the first
surgery. Of the 21 patients who had not undergone com-
plete repair, 10 died (median 0.7 years after the first
LPCHS surgery [0.2-1.0 years]), 6 had PA hypertension
or were otherwise unsuitable for repair at the time of
1276 The Journal of Thoracic and Cardiovascular Sur
most recent evaluation (6.7 years [2.9-10.7 years] after
the first LPCHS surgery), 3 were expected to undergo
complete repair, 1 was recommended to have repair
but did not return, and 1 was lost to follow-up. PRS
patients did not differ from unoperated patients in the
cumulative incidence of repair or mortality over time
(Figure 5).

Compared with previously shunted patients, the cumula-
tive incidence of complete repair with 6-month survival was
higher (P ¼ .002) and of death lower (P ¼ .18) in patients
who had prior RV-PA connection (Figure 5). Details of
competing outcomes are presented in Table E1. On limited
multivariable analysis, age at first LPCHS surgery did not
substantially alter these relationships.
DISCUSSION
The heterogeneity of native pulmonary blood supply in

patients with TOF/MAPCAs makes this one of the most
challenging congenital cardiovascular anomalies to treat
consistently and well. Likewise, assessment of risk factors
for better or worse outcome is confounded by this anatomic
heterogeneity and by the variable management across insti-
tutions. The Pulmonary Artery Reconstruction program at
gery c November 2020
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and 78% (68%-85%) at 1, 2, and 3 years, respectively, in the shunt group (P ¼ .002).
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Stanford is focused on the comprehensive management of
TOF/MAPCAs and other complex anomalies of the PA sys-
tem, including Williams and Alagille syndromes, isolated
ductal origin of a branch PA, and peripheral PA stenosis
or MAPCAs associated with other intracardiac anomalies.
We have also devoted considerable effort to investigating
outcomes in these populations.1-3,19-25,28 In general, proce-
dural and midterm survival with low RV and PA pressures
are excellent in our large cohort of patients with TOF/MAP-
CAs. However, there are subsets of complicated patients in
whom outcomes are not as favorable or for whom detailed
results have not been evaluated. More than one-third of
The Journal of Thoracic and Car
patients treated in our program are referred after prior sur-
gical procedures elsewhere, with previous interventions
ranging from simply a single systemic-to-PA shunt place-
ment to 5 or more operations consisting of multiple unifoc-
alization procedures and RV-PA connection through both
thoracotomy and sternotomy approaches. In these patients,
residual central and peripheral PA stenoses are almost uni-
versal, PA or MAPCA branches have sometimes become
occluded, and other complicating factors such as PA stents
and RVOT pseudoaneurysms are not uncommon. The vari-
ability of anatomic and postprocedural findings not only
makes it difficult to analyze these patients but also presents
diovascular Surgery c Volume 160, Number 5 1277
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a challenge for informing families of expected outcomes,
which is critical when making decisions about major sur-
gery that requires travel and significant disruption to work
and life. The need to provide more patient-specific outcome
data to families considering surgery at our center was one of
the primary motivations for this study. Secondarily, this
study demonstrates that patients with complex MAPCA
who have undergone, at times multiple, palliative opera-
tions, can and should be considered for reoperative surgery
leading to intracardiac septation and complete repair
(Figure 6).

An increasing proportion of patients with TOF/MAPCAs
who are referred to our center have undergone PRS, and
most have undergone 2 or more operations. Despite the
added complexity and adverse circulatory circumstances
in many of these patients, complete repair with excellent
survival and low postoperative RV pressure was achieved
in the majority, comparable to unoperated patients. Appro-
priate patient selection was paramount to these results and
driven by a thorough evaluation of the salvageable lung
perfusion (ie, at least �50% of healthy, low-resistance,
segmental vessels must be deemed recruitable by Pulmo-
nary Artery Reconstruction program consensus), regardless
of the initial PRS management.

Accounting for this intrinsic selection bias, several
notable findings regarding PRS characteristics are useful
in informing patients considering reoperative surgery.
Although patients with a prior RV-PA connection seemed
more complex than previously shunted patients by some
L
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metrics, such as the number of prior operations, frequency
of PA stents, proximal PA branch occlusions, and recruit-
ment of occluded branches into the reconstruction,
time-related outcomes were better. There was a clear differ-
ence in the cumulative incidences of complete repair and
survival between patients with a prior RV-PA connection
and patients with a prior shunt. The survival difference be-
tween these groups was largely evident by 1 year after the
initial operation at LPCHS. These differences could be
related to a number of factors, including patient selection
bias (patients with more favorable anatomy originally
were more likely to have surgery in general, or an RV-PA
connection in particular, with the most favorable cohort
having undergone VSD closure), differential benefit pro-
vided by an RV-PA connection versus a shunt, survival or
other patient-related bias (RV-PA connection patients
were older), or simply chance. Concluding that an RV-PA
connection is a better initial palliative operation than a
systemic-to-PA shunt would be faulty, given the tremendous
uncaptured variability inherent in this retrospective data set.

The fact that major outcomes did not differ significantly
between unoperated patients and patients who had under-
gone various surgical and often interventional procedures
does not imply that PRS status is unimportant. These
were both selected populations, and patients treated exter-
nally who did not survive or were not accepted for surgery
were obviously not accounted for in this analysis. What
these findings do tell us, however, is that patients deter-
mined to be suitable candidates for surgery after PRS, given
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our general guidelines, can have excellent outcomes,
similar to those in previously unoperated patients. We
have also found this to be true in unoperated patients
referred at an older age,29 but the inference from such find-
ings should not be that the strategy, sequence of, or age at
treatment do not matter.

Accounting for the added complexity of reoperative
MAPCA surgery is difficult, but it clearly increases
morbidity risk. Removal of PA stents and recruitment of
occluded vessels are technically demanding, but their
contribution to outcome is not easy to ascertain. Neverthe-
less, in this selected population, the number of prior
operations, presence of PA stents, and extent of prior uni-
focalization were not associated with differences in survival
or RV pressure, although there were differences in pulmo-
nary blood flow distribution associated with identified prox-
imal PA branch occlusion or incorporation of atretic
branches, as also observed in a prior study.24 Left-right pul-
monary flow imbalance after repair in PRS patients was
likely reflective of pre-existing heterogeneity of salvage-
able low-resistance vessels, which may not be entirely
correctable at the time of revision.

Although we analyzed differences in outcomes according
to the number, types, and details of previous surgeries, the
point of this study was not to draw conclusions about the
relative benefits or drawbacks of prior surgical approaches.
The study cohort comprised a heterogeneous but selected
patient population of patients who (1) had undergone and
survived prior surgeries elsewhere, (2) were referred for
and chose to undergo reoperation at our center, and (3)
were determined to be suitable candidates for repair with
a good result. Thus, this study cannot be generalized and
should not be interpreted to provide insight into different
management strategies (eg, RV-PA connection vs shunting).
Study Limitations
There are a number of important limitations to this

study in addition to those noted. Immediate postoperative
RV:aortic systolic pressure ratios are a consistent metric
by which to measure immediate outcomes, but may not
reflect the true long-term physiology of these patients.
Every attempt is made to surveil these patients during
follow-up with clinical, catheterization, lung perfusion,
and echocardiographic data, as has been detailed in prior re-
ports.3,30 Regardless of PRS status, greater than 90% of our
patients are referred from other institutions, and the avail-
ability of long-term follow-up data is variable.

We recorded a number of reliably ascertained features
and grouped patients into discrete (but still internally het-
erogeneous) categories in an effort to understand whether
such variables were associated with important differences
in outcomes. However, we did not evaluate numerous other
The Journal of Thoracic and Car
potentially relevant anatomic and physiologic factors, such
as individual vessel morphology or size, occlusion of
segmental or subsegmental branches that were not recruited
into the reconstruction, and segmental pulmonary vascular
resistance.
This study does not include patients who were referred

but did not undergo surgery at our center. A small percent-
age of patients, who have usually undergone prior interven-
tions, are determined not to be candidates for repair with a
good outcome (ie, RV pressure<50% systemic) due to pul-
monary vascular disease, loss of vessels, lack or surgical
targets, and other anatomic/physiologic features. We do
not track such patients, but they are a small minority
(<5%) of the referrals we consider. Also, we did not eval-
uate prior transcatheter interventions, other than presence
of PA stents, although such interventions were common in
the PRS cohort. For the competing outcomes analysis, we
defined complete repair as survival 6 months or more post-
repair. That time frame was deliberately liberal and under-
estimates that cumulative incidence of complete repair.
However, we believe that the relevant metric in this case
is not simply performance of the repair but survival through
the perioperative and early period.
CONCLUSIONS
Prior surgical procedures, ranging from isolated shunts to

multistage unifocalization and repair with extensive resid-
ual PA disease, even in patients with occluded central or pe-
ripheral branches, PA stents, or supra-systemic RV pressure,
does not preclude PA reconstruction and complete repair
with low postoperative RV pressure. From our perspective,
the goal of managing patients with this complex condition is
survival with right heart physiology as close as possible to
normal, with the aim of preserving the long-term health
of the RV and appropriate distribution of pulmonary blood
flow to lung parenchyma. In prior studies, we demonstrated
that complete unifocalization and repair early in life results
in excellent survival with RV pressures well below half-
systemic in a large majority of patients.3 In this focused
evaluation of patients who underwent surgical intervention
on the pulmonary circulation before referral to our center,
we found that similarly excellent outcomes can be achieved
in properly selected patients. Preoperative evaluation aimed
at estimating potential achievable PA pressure allows iden-
tification of patients with an acceptable likelihood of repair
with a good result. Further studies will be needed to
document longer term outcomes in this complex patient
population.
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TABLE E1. Details of competing outcomes

Cohort Size Complete repair Death Alive without repair Alive without repair (<3 y)

No prior surgery 376 322 (86%) 32 (9%) 14 (4%) 8 (2%)

Prior surgery 200 169 (85%) 14 (7%) 11 (6%) 6 (3%)

Prior RV-PA Connection 108 98 (91%) 5 (5%) 1 (1%) 4 (4%)

Prior shunt 92 71 (77%) 9 (10%) 10 (11%) 2 (2%)

RV-PA, Right ventricle to pulmonary artery.
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