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Objective: The aim of this study was to assess current clinical outcomes in
children with prenatally diagnosed congenital lung malformations
(CLMs) and to identify prenatal characteristics associated with adverse
outcomes.

Summary Background Data: Despite a wide spectrum of clinical disease,
the identification of fetal CLM subgroups at increased risk for hydrops
and respiratory compromise at delivery has not been well defined.
Methods: A retrospective cohort study was conducted using an operative
database of prenatally diagnosed CLMs managed at 11 children’s hos-
pitals from 2009 to 2016. Statistical analyses were performed using
nonparametric bivariate or multivariable logistic regression.

Results: Three hundred forty-four children were analyzed. Fifteen (5.5%)
fetuses were managed with maternal steroids in the setting of hydrops,
and prenatal surgical intervention was uncommon (1.7%). Seventy-five
(21.8%) had respiratory symptoms at birth, and 34 (10.0%) required
neonatal lung resection. Congenital pulmonary airway malformation
volume ratio (CVR) measurements were recorded in 169 (49.1%) cases
and were significantly associated with perinatal outcome, including
hydrops, respiratory distress at birth, need for supplemental oxygen,
neonatal ventilator use, and neonatal resection (P < 0.001). An initial
CVR <1.4 was significantly correlated with a reduced risk for hydrops
[area under the curve (AUC), 0.93; 95% confidence interval (CI), 0.87-
1.00]. A maximum CVR <0.9 (AUC, 0.72; 95% CI, 0.67-0.85) was
associated with a low risk for respiratory symptoms at birth.

Conclusions: In this large, multi-institutional study, an initial CVR < 1.4
identifies fetuses at very low risk for hydrops, and a maximum CVR <
0.9 is associated with asymptomatic disease at birth. These findings
represent an opportunity for standardization and quality improvement
for prenatal counseling and delivery planning.
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etal congenital lung malformations (CLMs) represent a
broad range of pulmonary anomalies, including congenital
pulmonary airway malformations (CPAMSs), bronchogenic
cysts, bronchial atresia, bronchopulmonary sequestrations
(BPS), and congenital lobar emphysema (CLE).'-> Historically,
the rate of hydrops and in utero demise in fetal CLMs were
reported to be as high as 40%,* and termination of pregnancy of
fetuses with a CLM diagnosis occurred in up to 33% of cases.>°
Over the past 20 years, the incidence of CLMs has been
increasing, with more recent studies suggesting a frequency that
may be as high as 1 in 2000 pregnancies.”-® This rise is likely
secondary to the detection of smaller lesions in an era of more
widespread prenatal screening and improvements in ultrasound
image quality.”® In parallel with the increased incidence,
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contemporary experience suggests that the majority of affected
neonates are asymptomatic at birth.!12 As a result, there has
been a shift in focus toward developing risk stratification tools to
better counsel families on timing of surgery and the potential for
adverse postnatal outcomes in affected infants.!3-2° Despite these
efforts, recent studies have been limited by low patient numbers,
and the majority of prenatal predictors of outcome have not
been well validated in a multicenter fashion.?!

Using a multi-institutional database, our primary objec-
tive was to correlate prenatal imaging characteristics with clin-
ical outcomes in CLM patients. Our group hypothesized that the
congenital pulmonary airway malformation volume ratio
(CVR),* a volumetric relative index of CLM size obtained by
ultrasound, would be significantly associated with hydrops, res-
piratory morbidity, and need for early surgical resection.

MATERIALS AND METHODS

A central reliance agreement (#96707) was approved by
the institutional review boards at each of the eleven major
children’s hospitals associated with the Midwest Pediatric Sur-
gery Consortium (www.mwpsc.org) to perform a retrospective
cohort study based on an operative registry of lung lesions (n =
506) from 2009 to 2016 as described elsewhere.??> Those with
pleuropulmonary blastoma (PPB) were also included. All CVR
values were calculated by 2-D ultrasonography based on the
formula for an ellipsoid (ie, product of the 3D mass dimensions
multiplied by a 0.52 correction factor) divided by the head cir-
cumference to normalize for gestational age, as described else-
where.* Data from prenatally diagnosed patients were extracted
from REDCap (Research Electronic Data Capture, 8.1.20,
Vanderbilt University, Nashville, TN).

Statistical analyses were performed using nonparametric
bivariate or multivariable logistic regression, controlling for
variables including mediastinal shift and hydrops, as appropriate
with STATA (StataCorp, College Station, TX). For each disease
outcome measure, receiver-operating characteristic (ROC)
curves were generated to define optimal cutoff values (Youden’s
index) based on the CVR.?* Significance was defined as
P < 0.05.

RESULTS

From 506 patients in the consortium, 344 cases (68.0%)
were prenatally diagnosed. The median number of cases con-
tributed per center was 22 (range, 8-58; Supplemental Table 1,
http://links.lww.com/SLA/C681). There were 160 (47.1%)

right-sided and 179 (52.6%) left-sided lesions. One (0.3%) had
bilateral disease. The most common anatomic locations were left
lower lobe (n = 116, 34.0%) and right lower lobe (n = 112,
32.8%). Based on pathology data, the most common CLM was
CPAM without a feeding vessel (formerly referred to as con-
genital cystic adenomatoid malformation) in 175 (51.8%) fol-
lowed by BPS in 136 (40.2%). Eighty (58.8%) of the BPS lesions
were intralobar. There were 44 (13.0%) mixed CPAMs in asso-
ciation with a systemic feeding vessel, 13 (3.8%) CLEs, and no
specimen with a malignancy.

Prenatal Diagnosis

Table 1 summarizes the prenatal data. The median age at
fetal diagnosis was 22.0 weeks gestation [interquartile range
(IQR), 20.0-25.0]. A specific description of lesion cystic
appearance (eg, based on the Stocker classification) was given in
164 (47.7%) cases. The presence or absence of mediastinal shift
was documented in 229 (69.2%) patients. Due to a marked
variability in the reporting of CVR measurements across mem-
ber hospitals (Supplemental Table 1, http:/links.lww.com/SLA/
C681), CVR data were recorded in only 169 (49.1%) fetuses.
Two (18.2%) institutions did not obtain any CVR measurements
for any fetus. The mean maximum CVR in those with media-
stinal shift was 1.60 £ 1.04 compared a mean maximum CVR of
0.67 £ 0.49 in those without mediastinal shift (P < 0.0001,
Table 1). Magnetic resonance imaging (MRI) as part of the
prenatal evaluation was performed in 39.2% of cases at a median
gestational age of 25.3 weeks (IQR, 22.7-29.4). The MRI uti-
lization rate by institution ranged from 7.7% to 82.5% cases, and
there was a significant increase in MRI use in cases in which a
CVR was already recorded (P = 0.0328).

Fifteen (4.4%) fetuses developed signs of hydrops. The
most common finding consistent with hydrops was ascites (n =
13, 86.7%) followed by skin edema (n = 8, 53.3%) and pleural
effusion (n = 4, 26.7%). Although all hydropic fetuses had
sonographic evidence of mediastinal shift, this was nonspecific
given that 49.8% of fetuses without hydrops also had mediastinal
shift (P < 0.0001). Fifty-eight percent of the hydropic fetuses
had macrocystic disease, but this was not statistically significant
when compared to those with microcystic disease (30.3%, P =
0.0576). Five (33%) hydropic fetuses had pathologically
confirmed BPS.

Initial CVR data were available in 11 (73.3%) hydropic
fetuses and showed a mean initial CVR of 3.0 * 1.7 (median:
2.65; IQR, 1.5-4.4) at a median gestational age of 21.2 weeks
(IQR, 20.0-23.6; Supplemental Digital Content Fig 1A, http://

TABLE 1. Prenatal Characteristics of 344 Lung Malformations

Variable All Lesions (n = 344) CVR Data (n = 169) No CVR Data (n = 175) P
Gestational age at initial scan, median (IQR) 22.0 wk (20.0-25.0) 22.0 wk (20.1-25.0) 22.0 wks (20.0-23.6) 0.1832
Concomitant major anomalies, n (%) 34 (10) 15(9) 19(11) 0.5901
Left sided lesion, n (%) 179 (53) 96 (57) 83 (47) 0.1290
Systemic feeder vessel, n (%) 52 (17) 34 (20) 18 (10) 0.0490"
Macrocystic (Stocker type I), n (%) 53 (32) 33 (35) 20 (21) 0.2666
Mediastinal shift, n (%) 121 (53) 90 (55) 31 (48) 0.3789
Hydrops, n (%) 15 (4) 11 (7) 4(2) 0.0691
Initial CVR, mean + stdev 0.89 + 0.90
Maximum CVR, mean + stdev’ 1.21 + 0.97
Initial CVR >1.6%, n (%) 24 (14)
MRI performed, n (%) 118 (39) 75 (45) 43 (32) 0.0328"
*P < 0.05 between lung malformations with recorded CVR data and those without CVR data (Mann-Whitney U test or Fisher exact test).
tInterclass correlation coefficient (7.52e-20) suggests lack of clustering of CVR values by center.
tInitial CVR > 1.6 cutoff chosen based on Crombleholme et al.*
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link-s.Iww.com/SLA/C681). The initial CVR in hydropic fetuses
was significantly increased compared to that in fetuses without
hydrops (mean: 0.7 £ 0.6, P < 0.0001). Hydropic fetuses had a
mean maximum CVR of 3.4 + 1.3 (median: 2.9; IQR, 2.6-4.0),
which was significantly increased compared to the maximum
CVR in those without hydrops (mean: 1.1 * 0.8, P < 0.0001;
Supplemental Digital Content Fig 1B, http://links.lww.com/
SLA/C681). The significant differences in the CVR between
hydropic and nonhydropic fetuses remained in subgroup analy-
ses based on pathology (Supplemental Digital Content, Fig 2,
http://links.lww.com/SLA/C681).

Based on ROC curve analyses, the optimal cutoff point for
the initial CVR was 1.36 for predicting hydrops [area under
curve (AUC), 0.93; 95% confidence interval (CI), 0.87-1.0]. The
sensitivity and specificity for hydrops for an initial CVR >1.36
was 90% and 86%, respectively. The positive predictive value
(PPV) was 31%. The negative predictive value (NPV) was 99%,
suggesting that hydrops is very unlikely below this cut-off. The
optimal cutoff point associated with hydrops was a maximum
CVR of 2.25 (AUC, 0.96; 95% CI, 0.95-1.0), yielding a sensi-
tivity and specificity for developing hydrops of 100% and 92%,
respectively. The PPV and NPV were 46% and 100%, respec-
tively. There were no significant differences between the 2 ROC
curves (P = 0.3164, Supplemental Digital Content Fig. 3A,
http://links.lww.com/SLA/C681).

Fetal Management

Serial observation without any active pharmacologic
agent, percutaneous intervention, or surgical therapy occurred in
302 (87.8%) cases. Maternal steroids, given as betamethasone
12.5 mg intramuscularly daily for 2 days, were the most common
therapy. Forty-one (11.9%) fetuses received steroids at a median
gestational age of 23.0 weeks (IQR, 21.8-27.5) at 8 (72.7%)
different institutions. Fifteen (36.6%) fetuses managed with ste-
roids had macro-cystic lesions. The indications for steroids
included increasing size and/or CVR (n = 34, 85.0%) and
hydrops (n = 13, 32.5%). The mean initial CVR and mean
maximum CVR in those receiving steroids were 1.8 + 1.3 and
2.49 £ 1.1, respectively.

Invasive prenatal procedures were infrequent (n = 6,
1.7%), ranging from thoracentesis (n = 2, median 27.3 weeks’
gestation), thoracoamniotic shunt placement (n = 1, 26.3 weeks’
gestation), and ex utero intrapartum treatment (EXIT; n = 3,
median 37.0 weeks’ gestation). Although there were no fetal
surgical resections performed, 2 lung resections and 2 extrac-
orporeal membrane oxygenation (ECMO) cannulations were
conducted as part of an EXIT procedure. Among the 15

hydropic fetuses, only 3 (20%) received an invasive therapeutic
intervention before delivery.

Neonatal Course

The neonatal clinical course of these children is shown in
Table 2. Excluding those undergoing an EXIT procedure, 72
(21.1%) had neonatal respiratory symptoms, defined as doc-
umentation of tachypnea, oxygen saturation < 90%, and/or
placement on supplemental oxygen or need for more intensive
respiratory support within 24 hours of life. Eighty-six percent
(n = 12) with a history of hydrops had respiratory distress at
birth. Fifty-two (69.3%) symptomatic newborns were delivered
at an inborn facility, whereas 23 (30.7%) symptomatic newborns
were outborn (P = 0.0014). Among symptomatic outborn
patients, 14 (60.9%) did not have any recorded CVR data.
Lesions with fetal mediastinal shift were more likely to be
inborn, but this did not meet statistical significance (P = 0.07).
The maximum CVR significantly correlated with inborn status
(inborn mean: 1.3 * 1.1 vs outborn mean: 0.9 £ 0.5; P < 0.01).

Sixty-six neonates (19.2%) received supplemental oxygen
at delivery, and 27 (7.8%) were mechanically ventilated
preoperatively via endotracheal tube (Table 2). The median total
time on ventilator support in this latter cohort of patients was
7.0 days (IQR, 3.0-12.5). Thirty-one (9.1%) children underwent
lung resection during the newborn period due to severe or per-
sistent respiratory symptoms.

Forty-two (12.2%) patients had concomitant anomalies.
The most common organ systems involved were cardiac (n =17,
4.9%), neurologic (n = 8, 2.3%), and renal (n = 4, 1.2%). There
was 1 (0.3%) child with a chromosomal abnormality. Sixteen
(39.0%) of these anomalies were detected prenatally. There was
no significant association between fetal cyst description based on
Stocker classification and the incidence of concomitant anoma-
lies (type I, 7.5%; type II, 17.6%; type III, 11.7%; P = 0.1457,
Supplemental Digital Content FiglC, http:/links.lww.com/SLA/
C681).

Predictors of Neonatal Outcome

Predictors of neonatal outcome using bivariate statistical
methods are presented in Tables 3 and 4. Although the majority
(64.3%) with fetal mediastinal shift were asymptomatic at birth,
the presence of mediastinal shift was significantly associated with
an increased risk of respiratory symptoms (P = 0.0005), need for
supplemental oxygen (P = 0.0003), and preoperative neonatal
ventilator use (P = 0.0012). There was no association between
neonates with macrocystic lesions and either likelihood of res-
piratory symptoms at birth or need for supplemental oxygen
compared to those with microcystic disease (P = 0.3624 and

TABLE 2. Clinical Course of Neonates With Prenatally Diagnosed Lung Malformations

Outcome Measure All Neonates (n = 344) Inborn Neonates (n = 168) Outborn Neonates (n = 167) P
Maximum CVR, mean + stdev 1.21 £ 0.97 1.33 + 1.07 0.89 + 0.51 0.0095"
Gestational age at birth, median (IQR) 39.0 wk (37.3-39.1) 39.0 wk (38.0-39.2) 38.7 wk (37.0-39.0) 0.0642
Birthweight, median (IQR) 3.2 kg (2.8-3.6) 3.3 kg (2.9-3.7) 3.2kg (2.7-3.5) 0.2791
Apgar score at 1-min, mean + stdev 7.6 +1.9 7.5+ 19 7.6 +1.9 0.8746
Apgar score at 5-min, mean =+ stdev 8.6 + 1.1 8.6 + 1.1 8.6 + 1.3 0.9162
Mass on chest radiograph, n (%) 187 (76) 118 (79) 68 (72) 0.2223
Respiratory symptoms at birth, n (%) 75 (22) 52 (31) 23 (14) 0.0002"
Received supplemental oxygen, n (%) 66 (19) 45 (27) 21 (13) 0.0015"
Required endotracheal tube intubation, n (%) 27 (8) 18(11) 90 0.1069
Lung resection within 28 days after delivery, n (%) 31 (9 27 (16) 4(2) <0.0001"

*P < 0.05 between newborns with lung malformations delivered at inborn facilities compared to those delivered at outborn facilities (Mann-Whitney U test or Fisher

exact test).
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TABLE 3. Bivariate Analysis of Neonatal Respiratory Distress and Oxygen Requirement in Children With Prenatally Diagnosed Lung

Malformations

A. Respiratory Symptoms

Variable Present Absent p value
Gestational age at birth, median (IQR) 38.0 wk (34.9-39.0) 39.0 wk (38.0-39.7) <0.0001*
Birthweight, median (IQR) 3.1 kg (1.5-3.6) 3.3 kg (3.0-3.7) 0.0080*
Concomitant major anomalies, n (%) 19 (25) 19 (8) 0.0002*
Macrocystic (Stocker type 1), n (%) 19 (39) 34 (30) 0.3624
Fetal mediastinal shift, n (%) 44 (73) 77 (47) 0.0005"
Hydrops, n (%) 13 (20) 2(1) <0.0001"
Initial CVR, mean * stdev 1.46 £ 1.35 0.68 + 0.53 <0.0001"
Maximum CVR, mean * stdev 1.91 +1.28 0.96 + 0.67 <0.0001"
B. Supplemental Oxygen

Variable Present Absent p value
Gestational age at birth, median (IQR) 37.0 wk (34.2-39.0) 39.0 wk (38.0-39.6) <0.0001*
Birthweight, median (IQR) 3.0 kg (2.2-3.6) 3.3 kg (3.0-3.7) 0.0021"
Concomitant major anomalies, n (%) 18 (27) 24 (9) 0.0002"
Macrocystic (Stocker type 1), n (%) 19 (43) 34 (30) 0.0900
Fetal mediastinal shift, n (%) 40 (74) 81 (46) 0.0003"
Hydrops, n (%) 13 (22) 2(1) <0.0001"
Initial CVR, mean * stdev 1.51 £ 1.40 0.69 + 0.55 <0.0001"
Maximum CVR, mean * stdev 1.96 =+ 1.31 0.98 + 0.69 <0.0001"

P = 0.0900, respectively; Supplement eFig 1D, http://links.lww.
com/SLA/C681). Both the initial and maximum CVR were
found to be significantly associated with respiratory symptoms at
birth, need for supplemental oxygen, preoperative neonatal
ventilator use, and neonatal lung resection (P < 0.0001, Tables 3
and 4).

To establish the optimal cutoff point associated with respi-
ratory symptoms at birth, ROC curve analyses were performed
(Table 5). A maximum CVR cut-off of 0.93 had a significantly
higher AUC value while maintaining equivalent diagnostic
accuracy when compared to those calculated for the initial CVR
(P = 0.0348, Supplemental Digital Content Fig 3B, http://links.
Iww.com/SLA/C681). Table 5 reveals ROC curve analyses of the

CVR and more severe indicators of respiratory morbidity, namely
need for supplemental oxygen and use of invasive ventilator sup-
port (optimal cutoff points, 1.18 and 1.98, respectively). Both the
initial CVR and the maximum CVR were significantly correlated
with an increased likelihood of neonatal surgical resection (optimal
cutoff point, 1.73; P < 0.0001; Table 5).

Multivariable logistic regression analyses, which included
CVR, mediastinal shift, hydrops, and macrocystic subtype as
independent variables, showed that the CVR was the only pre-
natal ultrasound finding that was significantly associated with
respiratory symptoms at birth [odds ratio for initial CVR: 2.42
95% CI, 1.234.75), P = 0.010; odds ratio for maximum CVR:
3.03 (95%CI, 1.695.43), P < 0.0001; Table 6]. When analyzing

TABLE 4. Bivariate Analysis of Neonatal Preoperative Intubation and Lung Resection in Children With Prenatally Diagnosed Lung

Malformations

Preoperative Endotracheal Intubation

Variable Present Absent P
Gestational age at birth, median (IQR) 35.0 wks (31.2-38.5) 39.0 wks (38.0-39.4) <0.0001"
Birthweight, median (IQR) 2.5 kg (1.7-3.3) 3.3 kg (2.0-3.7) 0.0001"
Concomitant major anomalies, n (%) 10 (37) 32 (10) 0.0005"
Macrocystic (Stocker type I), n (%) 19 (61) 42 (29) 0.0137"
Fetal mediastinal shift, n (%) 19 (86) 77 (49) 0.0012*
Hydrops, n (%) 13 (32) 703) <0.0001"
Initial CVR, mean * stdev 2.17 £ 1.39 0.77 £ 0.74 <0.0001"
Maximum CVR, mean * stdev 243 +1.27 1.11 £ 0.86 <0.0001"
Neonatal Lung Resection

Variable Present Absent P
Gestational age at birth, median (IQR) 38.0 wk (35.2-39.0) 39.0 wk (37.7-39.2) 0.0069"
Birthweight, median (IQR) 3.0 kg (2.5-3.6) 3.3 kg (2.9-3.6) 0.0766
Concomitant major anomalies, n (%) 11 (34) 31 (10) 0.0006"
Macrocystic (Stocker type 1), n (%) 12 (44) 39 (29) 0.1187
Fetal mediastinal shift, n (%) 26 (93) 92 (47) <0.0001"
Hydrops, n (%) 8 (28) 6(3) <0.0001"
Initial CVR, mean * stdev 1.98 £ 1.59 0.71 £ 0.55 <0.0001"
Maximum CVR, mean * stdev 2.54 +1.38 1.01 £ 0.71 <0.0001"

stdev indicates standard deviation.*P < 0.05 (Mann-Whitney U test or Fisher exact test).
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TABLE 5. Predictive Value for Neonatal Respiratory Morbidity in Prenatally Diagnosed Lung Malformations at Optimal CVR

Cutoff Values

A. Respiratory Distress

AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Initial CVR >0.65 0.66 (0.60-0.79) 63 68 42 84 67
Maximum CVR >0.93 0.72 (0.67-0.85)" 83 60 43 91 66
B. Supplemental Oxygen

AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Initial CVR > 0.65 0.65 (0.59-0.80) 69 61 34 87 63
Maximum CVR >1.18 0.71 (0.66-0.86)" 74 67 40 90 69
C. Endotracheal Intubation

AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Initial CVR >1.29 0.77 (0.69-0.92) 75 80 24 97 80
Maximum CVR >1.98 0.81 (0.76-0.95) 75 87 33 98 86
D. Neonatal Lung Resection

AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Initial CVR >0.85 0.75 (0.65-0.85) 81 69 29 96 71
Maximum CVR >1.73 0.81 (0.69-0.93) 76 87 48 96 86

*P < 0.05 compared to initial CVR AUC.

TABLE 6. Multivariable Logistic Regression Analyses

Malformations

of Prenatal Variables on Respiratory Morbidity in Children With Lung

A. Respiratory Symptoms at Birth, Model 1 (Initial CVR)

Variable Odds Ratio SE 95% CI P
Initial CVR 2.42 0.83 1.23-4.75 0.010"
Hydrops 2.86 2.69 0.45-18.08 0.265
Macrocystic disease 1.19 0.24 0.81-1.76 0.370
Mediastinal shift 0.58 0.25 0.25-1.36 0.214
B. Respiratory Symptoms at Birth, Model 2 (Maximum CVR)

Variable Odds Ratio SE 95% CI P
Maximum CVR 3.03 0.90 1.69-5.43 <0.001"
Hydrops 1.45 1.41 0.22-9.72 0.703
Macrocystic disease 1.14 0.23 0.76-1.70 0.531
Mediastinal shift 0.66 0.29 0.28-1.55 0.344
C. Composite Ordinal Qutcome Measure of Respiratory Morbidity, Model 1 (Initial CVR)

Variable Odds Ratio SE 95% CI P
Initial CVR 1.93 0.53 1.13-3.30 0.016"
Hydrops 2.86 2.26 0.61-13.43 0.184
Macrocystic disease 1.04 0.19 0.73-1.48 0.831
Mediastinal shift 0.49 0.20 0.22-1.09 0.079
D. Composite Ordinal Outcome Measure of Respiratory Morbidity, Model 2 (Maximum CVR)

Variable Odds Ratio SE 95% CI P
Maximum CVR 1.94 0.39 1.31-2.87 0.001*
Hydrops 1.07 0.62 0.35-3.33 0.903
Macrocystic disease 1.10 0.16 0.83-1.46 0.518
Mediastinal shift 0.64 0.23 0.31-1.30 0.218

SE indicates standard error.*P < 0.05.
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the same independent variables in relationship to a composite
ordinal outcome measure of neonatal respiratory morbidity
(scale 04, based on respiratory distress, supplemental oxygen,
preoperative ventilation, and/or neonatal resection), the CVR was
the only prenatal ultrasound finding that remained significant in
multivariable logistic regression analyses [odds ratio for initial
CVR: 1.93 (95% CI, 1.13-3.30), P = 0.016; odds ratio for max-
imum CVR: 2.64 (95% CI, 1.60-4.33), P < 0.0001].

Perioperative Outcomes

There were 164 (48.1%) open, 150 (44.0%) thoracoscopic,
and 27 (7.9%) thoracoscopic converted to open resections.
Operations included 258 (75.7%) lobectomies, 63 (18.5%) simple
excisions, 22 (6.5%) wedge resections, and 14 (4.1%) segmentec-
tomies. The median patient weight at surgical resection was 7.3
kg (IQR, 6.1-8.8), and the median age at resection was
6.1 months (IQR, 3.8-9.1, Supplement Fig 4, http:/links.lww.
com/SLA/C681). The most common indication for surgery was
to prevent future complications in an otherwise asymptomatic
child (n = 276, 80.5%). Forty (11.7%) resections were performed
due to ongoing respiratory symptoms. Eleven (3.2%) patients
had an operation (median age of 9.8 months, IQR, 7.5-31.5) due
to a previous episode of pneumonia.

The length of stay was significantly longer amongst neo-
nates when compared to older children [median: 18.5 days (IQR,
11.8-40.3) vs 3.0 days (IQR, 2.0-4.0), respectively; P < 0.0001].
Three (0.9%) neonates were managed with ECMO post-
operatively. All 344 (100%) patients survived both to hospital
discharge and for >30 days after resection. Postoperative 30-day
complications occurred in 51 (15.2%) patients, the most common
being pneumothorax necessitating a pleural drain procedure
(8.3%).

DISCUSSION

In this report, we utilized a regional operative database of
344 children with a prenatally diagnosed lung malformation to
evaluate clinical outcomes and predictors of morbidity. This
multi-institutional analysis had several interesting findings. First,
maternal betamethasone was given as treatment to 41 (12%)
cases at a mean of 23 weeks’ gestation, thereby confirming the
increasing use of steroids as the empiric first line of therapy for
larger fetal lung malformations, regardless of cyst characteristics
and whether hydrops is present.?* Despite having several centers
within the consortium that were capable of performing invasive
in utero operations, fetal procedures were strikingly uncommon,
accounting for <2% of fetal CLMs managed in our study.?> 27
Although our results may seem unusually low compared to those
reported in prior studies,?® we believe that our multi-institutional
data are less susceptible to referral bias and therefore are likely
to be more reflective of the clinical disease spectrum of fetal
CLMs managed nationwide.

Our results also highlight the tremendous heterogeneity in
the clinical management and disease spectrum of children with
prenatally diagnosed CLMs. Half were delivered at outborn
facilities, many of which likely had minimal critical care support
and pediatric surgical coverage. In contrast to another prenatally
diagnosed surgical disease of the lung, congenital diaphragmatic
hernia, our data showed that approximately 4 of 5 neonates with
a CLM had no respiratory symptoms at birth and that only 1 in
10 underwent neonatal surgery. There were no deaths, and the
utilization of ECMO, a technology that was available at all
participating centers, was <1%. Among those undergoing
resections for asymptomatic disease after the neonatal period,
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the age at resection was 6 months, and the median hospital
length of stay was 3 days. These excellent postoperative out-
comes compare quite favorably to single surgeon and single
institution reports described elsewhere.?* 32 Since all of the
lesions in our study were resected, the absence of any malignancy
within 344 evaluated specimens should alleviate concerns that
families and providers may have regarding a high risk for an
occult PPB or other cancer within prenatally diagnosed lung
masses.>>34

The frequency of concomitant anomalies in our study was
approximately 10%, a rate similar to that reported elsewhere.3?
Cardiac defects were the most common, occurring in 5% of
children. Our data confirm the negative prognostic implications
of a concurrent anomaly in fetal CLM patients. However, in
contrast to Stocker et al’s’® work on the association between
cystic features in CPAM and concomitant anomalies, we did not
find any correlation between type II cystic lesions and other birth
defects.

Given the broad range of disease severity amongst fetuses
with CLMs, perhaps the most important finding from our study
is the predictive value of the CVR in determining perinatal
outcomes. In the seminal descriptive report on the CVR from a
single center,* a threshold value of 1.6 was established to identify
a subgroup of fetuses who might need fetal lung resection.
However, the validity of this metric was immediately challenged
by some investigators,” and there has always been lack of clarity
as to whether the 1.6 cutoff applies to the initial CVR or the
maximum CVR.3® The issue of timing of CVR measurements is
not trivial given the known increase in mass size that can occur
in the CVR between 20 and 26 weeks’ gestation in one-third of
fetuses.?®#0 Based on initial CVR data at a median of 21 weeks,
we propose that an initial CVR > 1.4 more accurately identifies
the subgroup at an elevated risk of hydrops (~31%) with a
negative predictive value of 99%. Although our study did not
specifically gather data on CPAMs with a single dominant cyst,
our data do not support the belief that ultrasound-based cystic
characteristics, whether defined by macrocystic/microcystic
subtype (Adzick) or by Stocker classification, have additional
predictive value for determining hydrops risk.*3%4! Moreover,
since prenatal imaging is often not accurate in determining the
pathologic diagnosis when compared to postnatal imaging or
pathologic examination,*? our data give some reassurance that
pathologically confirmed BPS behave similarly to confirmed
CPAMs with respect to CVR and outcome.*>44

Five prenatal variables, namely mediastinal shift, hydrops,
concomitant anomalies, macrocystic disease, and CVR, were
associated with at least one outcome measure of respiratory
morbidity in bivariate analysis. We also observed a significant,
stepwise association between increasing CVR values and the
severity of pulmonary symptoms. Critically, only the CVR
remained as a significant independent variable of respiratory
morbidity in multivariable regression. These results are con-
gruent with findings recently reported by others. 13174548
Unfortunately, nearly all of these previous studies were ham-
pered by low patient numbers and a single center study design,
while others did not fully endorsed the utility of CVR as a reli-
able predictor of outcome.!8-3549

Four symptomatic fetuses with a maximum CVR > 0.9
were not delivered at affiliated birth centers, and CVR meas-
urements were missing from reports in half of all cases. Given
our prenatal risk stratification data and the maternal-fetal
medicine practice variation that currently exists in routinely
measuring the CVR, there is an opportunity for standardization
and quality improvement in ultrasound evaluations performed
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FIGURE 1. Proposed congenital pulmonary airway malformation (CVR)-based guidelines for the management of fetal lung
malformations based on likelihood of hydrops and degree of respiratory morbidity at birth. Signs of hydrops include ascites,
pleural fluid, pericardial fluid, skin thickening, and placentomegaly.

for this condition. The reasons for the lack of CVR data remain
unclear, but we speculate that the paucity of CVR measurements
during sonographic evaluation are secondary to multiple factors,
including the additional time required to measure each lesion
and calculate the value, the belief that the CVR is not a good
surrogate to quantify mass effect, and the perception that the
CVR is only relevant for the small subset of large lesions at risk
for hydrops.2!>%-3! Although the interclass correlation coefficient
(Table 1) did not suggest clustering of CVR values by center, the
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inter- and intra-observer variability of CVR measurements for a
given fetus is largely unknown.

Based on our multicenter results, we propose updated
clinical guidelines for the risk stratification for prenatal lung
lesions based on low-, intermediate-, and high-risk groups
(Fig. 1). An initial CVR should be calculated in all new fetal
CLM cases. Since the positive predictive value for hydrops with
an initial CVR >1.4 is approximately one-third, this CVR cutoff
identifies nearly all fetuses with CLMs that would warrant closer
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ultrasound surveillance. These fetuses should also be considered
for maternal betamethasone therapy and referral to an experi-
enced fetal care center capable of invasive therapeutic inter-
ventions. The frequency of these scans should be individualized
based on mass size rather than by cyst characteristics or the
presence of mediastinal shift.

By the beginning of the third trimester, most lesions will
have reached their maximum CVR,3**4% which can be used to
guide providers and families on the appropriate facility for
delivery of these children. Based on our data suggesting that
fetuses with a maximum CVR <0.9 are at low risk (~10%) for
respiratory symptoms at birth, expectant mothers can be given
the option to deliver at term at a local birthing center without
Level III/IV support. In contrast, those fetuses with a maximum
CVR between 0.9 and 1.7 should be placed into an intermediate
risk category for having respiratory symptoms and needing
supplemental oxygen (~30%), and the ideal site of delivery in this
cohort would be at or in close proximity to a Level 3 neonatal
facility. Finally, for all high-risk lesions (ie, a maximum CVR >
1.7), these cases should be delivered at an institution with a
minimum of Level III neonatal services, given that most of these
patients will have respiratory distress and a ~50% chance of
requiring neonatal lung resection.

To our knowledge, this is first contemporary and truly
multicenter study validating the CVR as a risk prognosticator of
a variety of measures associated with clinical disease severity in
fetal lung malformations. Despite its aforementioned strengths,
several limitations should be acknowledged. First, all data
including CVR measurements were extracted in a retrospective
manner, and some variables were limited by missing data points
in the electronic medical record. We did not have fetal echo-
cardiography data to support the diagnosis of hydrops, and we
did not collect more specific gestational age data at later time
points, as suggested by others.> A large, prospective cohort
study, perhaps with comparative cost/benefit data using other
imaging modalities such as fetal MRI,>*>* would be helpful in
validating the accuracy of our proposed risk stratification algo-
rithm. Because our analysis was obtained using an operative
database, a small fraction of CLM patients were likely excluded,
such as those who never had surgery due to nonoperative
management and those fetuses who were terminated or died
either in utero or in the neonatal period before resection.’?
Finally, although less susceptible to referral bias than single-
institution studies from major quaternary care centers,>”-3° our
results and proposed cutoff values may still not be generalizable
to some hospitals, particularly in places that rarely evaluate these
lesions or do not have similar ultrasound technology and clinical
support.

CONCLUSIONS

This multicenter study of 344 patients showed that the
majority of children with prenatally diagnosed CLMs required
no perinatal intervention and are asymptomatic at birth. The
CVR obtained by fetal ultrasound was significantly associated
with prenatal and postnatal outcome. Given that over half of all
prenatal evaluations in our consortium did not include any CVR
measurements, these findings represent a “call to action” for
improved standardization and quality improvement in the
evaluation of these patients. An initial CVR <1.4 identifies
fetuses at very low risk for hydrops, and a maximum CVR <0.9
portends a low likelihood for neonatal respiratory morbidity.
These data on fetal risk stratification of CLMs should be highly
useful for maternal-fetal medicine specialists, neonatologists, and

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

pediatric surgeons during prenatal counseling discussions with
families and in triaging deliveries to the appropriate birthing
facility.36-37
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