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Abstract

Purpose Variation in management characterizes treatment
of infants with a congenital pulmonary airway malforma-
tion (CPAM). This review addresses six clinically appli-
cable questions using available evidence to provide
recommendations for the treatment of these patients.
Methods Questions regarding the management of a pediatric
patient with a CPAM were generated. English language arti-
cles published between 1960 and 2014 were compiled after
searching Medline and OvidSP. The articles were divided by
subject area and by the question asked, then reviewed and
included if they specifically addressed the proposed question.
Results 1040 articles were identified on initial search.
After screening abstracts per eligibility criteria, 130 articles
were used to answer the proposed questions. Based on the
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available literature, resection of an asymptomatic CPAM is
controversial, and when performed is usually completed
within the first six months of life. Lobectomy remains the
standard resection method for CPAM, and can be per-
formed thoracoscopically or via thoracotomy. There is no
consensus regarding a monitoring protocol for observing
asymptomatic lesions, although at least one chest com-
puterized tomogram (CT) should be performed postnatally
for lesion characterization. An antenatally identified
CPAM can be evaluated with MRI if fetal intervention is
being considered, but is not required for the fetus with a
lesion not at risk for hydrops. Prenatal consultation should
be offered for infants with CPAM and encouraged for those
infants in whom characteristics indicate risk of hydrops.
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Conclusions Very few articles provided definitive recom-
mendations for care of the patient with a CPAM and none
reported Level I or II evidence. Based on available infor-
mation, CPAMs are usually resected early in life if at all. A
prenatally diagnosed congenital lung lesion should be
evaluated postnatally with CT, and prenatal counseling
should be undertaken in patients at risk for hydrops.

Keywords Pulmonary - Congenital - Systematic review -
Adenomatoid - CPAM - Fetal - Lung

Introduction

The management of a patient with a CPAM is a contro-
versial subject for pediatric surgeons. For example, a 2013
survey of the British Association of Pediatric Surgeons, to
which 51% of the membership responded, highlighted the
variability in the care of these patients [1]. While most
respondents agreed that a postnatal chest X-ray and CT
scan should be performed, half schedule the CT at 6 weeks
of age while others obtain it between three and 12 months
of age. Recommendations for resection also varied widely:
21% of respondents recommended mandatory resection,
24% recommended never resecting asymptomatic lesions,
and 55% based the decision for resection on lesion size,
parental anxiety, and desire for tissue diagnosis. Of the
respondents who recommended resection, none performed
resection prior to three months of age, 50.6% resected the
lesion prior to 1 year of age, and 44% performed surgery
after 1 year of age. The follow-up monitoring recom-
mended by surgeons who advocated no surgical interven-
tion for asymptomatic lesions also varied. Furthermore,
while several recent reviews have evaluated literature
surrounding CPAMs, none have done so on a truly sys-
tematic manner and they have focused on disparate topics
related to either diagnostic and/or management options
[2, 3].

Given the existing uncertainty surrounding best prac-
tices for CPAM, the purposes of this systematic review is
to collate, evaluate, and synthesize the existing evidence
for the management of CPAMs, and provide recommen-
dations based on that evidence.

Materials and methods
Research questions
The American Pediatric Surgical Association (APSA)

Outcomes and Evidence based practice (OEBP) committee
selected the following questions for this systematic review:

@ Springer

1.  What is the long-term risk of an asymptomatic CPAM
if observed?

2. If observation is chosen, what is the observation
strategy?

3. What is the optimal operative approach (segmental/
non-anatomic/lobar resection) for CPAM resection?

4. What is the optimal timing for CPAM resection?

5. What is the optimal imaging modality and timing of
imaging for CPAM?

6. What are the indications and outcomes for fetal
intervention?

Search methods

The search was performed with the aid of a health sciences
librarian (see acknowledgement) who used broad Medical
Subject Headings (MeSH) search terms that were inclusive
and redundant to ensure completeness. The subject heading
“cystic adenomatoid malformation of lung, congenital” was
searched along with “congenital pulmonary airway malfor-
mation, CPAM, CCAM, congenital cystic airway malfor-
mation, and congenital cystic adenoid malformation” as
keyword phrases. We followed Preferred Reporting Items
for Systematic reviews and Meta-Analyses (PRISMA)
guidelines [4]. Using bibliography management software
(EndNote, Thomson Reuters, New York, NY, USA), dupli-
cates were removed, creating a master list of titles and
abstracts. Two of the authors (C. C. and C. D.) independently
scanned all abstracts. Articles were included or excluded
based on their relevance to the topic and were narrowed by
reading the abstract. Full-length papers were collected for
further review. Animal studies, duplicates, non-English
language publications, articles without an abstract, and
general review articles were excluded (Fig. 1).

Data sources

Search terms were applied using the MEDLINE and OvidSP.
Cochrane reviews were included in the MEDLINE search.
Searches were limited to articles published from January 1,
1960 through January 31, 2014. In addition to the articles that
were located through the search, the list was augmented by
searching the reference list of each selected article to find
other papers that may not have been included in the original
search results. Articles published after the search date are
included only to enhance recommendations but have not
been subject to a formal review process.

Study selection

Studies selected for inclusion were critically appraised and
ranked on their level of evidence based on the type of study
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Fig. 1 Diagram for screening
and inclusion of abstracts and

manuscripts for review

Records identified through database search
(n=1040)

Records Exluded: n=730

Duplicates N=95
Not relevant to questions N=106

Records screened g | Noawsiact N=49
(n:1040) Not in English N=112
Case report N=270

General review articles N=98

Records included for full text
review
n=310

Full-text articles
excluded if low quality
n=180

| Eligibility| | Screening | |Identiﬁcation|

|

Included

Studies included in qualitative
synthesis
n=130

(retrospective or prospective, randomized or not) per The
Oxford Centre for Evidence Based Medicine (Table 1). A
paucity of high-level evidence (level I and level II studies)
required broadening the inclusion criteria to level III and
level IV studies. For the purposes of reporting fetal inter-
vention data, case reports were also included, given the
relative lack of available reports regarding intervention
modalities. However, opinion pieces, and editorials were
excluded.

Data extraction

The Oxford Centre for Evidence Based Medicine criteria
also guided the recommendations generated for each
question. Data compiled for each article included sample
size, description of the procedures performed, and

outcomes including mortality and morbidity. A total of
1040 abstracts underwent initial title and abstract screen-
ing. Of these, 130 were selected for in-depth review of the
full manuscript.

Results

What is the long-term risk of an asymptomatic
CPAM if observed?

Will they become symptomatic?
Six articles addressed this question: one systematic review/

meta-analysis, and five case series [5—10]. The systematic
review provides the best overall analysis of this question,

Table 1 Grading classification for levels of evidence and grades of recommendation according to the Oxford Centre for Evidence-based

medicine. Adapted from http://www.cebm.net

Levels of evidence

Grades of recommendation

I Systematic review of RCT’s or RCT with a narrow CI A
1I Cohort studies, low quality RCT’s, outcomes research B
I Case—control studies C
v Case series D

v Expert opinion

Consistent Level 1 studies
Consistent Level 2 or 3 studies or extrapolation from Level 1 studies
Level 4 studies or extrapolation from Level 2 or 3 studies

Level 5 evidence or inconsistent or inconclusive studies

RCT randomized control trial, CI confidence interval
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and three representative case series with the most detailed
long-term follow-up and conflicting recommendations are
discussed [5-7, 10].

A meta-analysis by Stanton and colleagues in 2009
evaluated whether elective or emergency surgery for
CPAM was associated with a higher risk of adverse out-
comes [5]. They compiled 41 reports that included 1070
patients, the majority of whom (79%) had antenatally
detected lesions. Among these were 29 reports (871 cases)
that described 505 (58%) asymptomatic antenatally
detected patients who survived the perinatal period without
surgery into infancy. Of these 505 initially asymptomatic
patients, the CPAMs had a small (3.2%) risk of becoming
symptomatic if they were not already symptomatic at birth.
If patients developed symptoms, this usually occurred by
ten months of age and included episodes of life-threatening
sepsis and cardio-respiratory arrest. There was a twofold
increase in operative risk if the lesion was resected after
symptoms developed. These postoperative complications
included air-leak, effusion, pneumonia, and bleeding; four
patients died after emergency surgery for a previously
asymptomatic lesion. Therefore, the authors recommend
that elective resections should be performed prior to ten
months of age.

In 2014 Ng et al. described 74 consecutive antenatally
diagnosed CPAM patients over 10 years who were man-
aged without initial surgery [6]. This included 72 live born
infants, 5% of whom became symptomatic. One of these
patients required an emergent operation as a neonate, two
patients developed pneumonia and underwent lobectomy at
3 years of age, and one patient had a sequestration that was
embolized at 5 years of age. Three asymptomatic patients
underwent resection based on parental request at
8—12 months of age. Sixty-five patients remained asymp-
tomatic and had not undergone surgical resection at a
median follow-up of 5 years. Nine of these patients
underwent further CT scans and 8/9 showed a decrease in
size of the CPAM. The remaining 59 patients continue to
follow-up clinically and no adverse consequences have
been reported, though seven have had upper respiratory
tract infections, four have symptoms of reactive airway
disease, and the others remain symptom-free.

Khosa et al. reported that of 30 patients with a prenatal
diagnosis of CPAM, nine developed symptoms within the
first year of life [10]. Six of these patients were symp-
tomatic at birth and underwent neonatal resection. Despite
being asymptomatic at birth, three children in this series
developed symptoms while awaiting surgery (infection at 7
and 11 months, and respiratory distress at 10 months).

Wong and colleagues from Children’s Hospital in Syd-
ney, Australia published a series describing their care of 35
patients with CPAM from 1986 to 2007 [7]. Twenty-one
patients were asymptomatic at birth. Eighteen (86%) of
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these initially asymptomatic patients became symptomatic
at a median age of 2 years. Symptoms included pneumo-
nia, respiratory distress, pneumothorax, and chronic cough.
They concluded that the majority of patients who present
with asymptomatic CPAM would subsequently become
symptomatic and warrant referral and intervention to avoid
development of complications.

In summary, many patients with CPAM are asymp-
tomatic before or at birth. After the neonatal period, the
likelihood of the lesion becoming symptomatic varies from
3 to 86% in reported series. Risk factors for predicting the
development of symptoms could not be elucidated from
available literature; additional information in future reports
about lesion characteristics would aid in clarifying this
issue. However, the general consensus across studies is that
if one plans to operate, the procedure should be performed
prior to the development of symptoms.

(Level 1V evidence, Grade D recommendation)

Will they become malignant?

First described in 1988, pleuropulmonary blastoma (PPB)
is a malignant lung lesion that shares many imaging
characteristics with CPAM. Primarily due to cases of
malignancy in specimens thought to be a benign CPAM
prior to definitive resection, questions exist about the long-
term risk of malignancy in unresected CPAM lesions. In a
prior review article, Laberge identified reports of multiple
types of malignancy, including sarcomas as well as bron-
choalveolar carcinomas, in congenital lung lesions [11].
Two articles thought to best address this question, one
pathology series and one case series, were reviewed and are
here discussed [12, 13].

Priest and colleagues evaluated the risk of malignancy
developing during early childhood in pulmonary cysts in a
review based on the International PPB Registry, which
included 220 pathologically confirmed cases of PPB [12].
Sixty-six percent of these cases were associated with lung
cysts, and 29% were purely cystic lesions. In their report,
PPB was not thought to be a malignant degeneration of a
pre-existent CPAM, but was rather a completely different
pathologic entity that could often not be distinguished
radiographically from CPAM. Ninety-four percent of PPB
lesions presented in children less than six years of age.
Importantly, the report noted the difficulty in making a
radiographic distinction between CPAM and PPB. In this
series, several risk factors suggesting that a lesion was
actually a pleuropulmonary blastoma and not a CPAM
were presented. The authors state that operative resection
of cystic lung lesions in children should be undertaken
rather than observation if the lesions are associated with the
development of a pneumothorax, bilateral lung cysts,
multifocality, or a family history of similar lesions.
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Associated conditions that should also heighten concern for
potential malignancy include renal cystic disease (includ-
ing cystic nephroma), small bowel polyps, and additional
childhood cancers or dysplasia.

Nasr and colleagues published a review of 129 CPAM
and PPB patients in 2010, 74 of whom had undergone
resection of the lesion [13]. Five of these patients had PPB
on final pathology, three of whom had initially been
thought to have CPAM rather than PPB. Pleuropulmonary
blastoma, therefore, was present in 4% (3/74) of what were
initially presumed to be benign lung lesions. No clinical or
radiologic markers were found that could differentiate
CPAM from PPB preoperatively and, therefore, resection
of all CPAMs was recommended. This was a change to
their recommendations from an earlier series which did not
clearly support resection of asymptomatic lesions [14].

In summary, in radiographically identified CPAM
lesions, there may be a 4% risk of pleuropulmonary blas-
toma, and an undefined risk for late malignant degeneration
into other epithelial and mesenchymal malignancies such
as bronchoalveolar carcinoma or rhabdomyosarcoma. It
does not appear that pleuropulmonary blastoma arises
directly from CPAMs, however, it may be difficult to
distinguish between the two entities based on pre-operative
imaging alone. A recently described algorithm based on
clinical and radiographic features has been retrospectively
described and may aid in surgical decision-making [15].

(Level 1V evidence, Grade D recommendation)

If observation is chosen, what is the observation
strategy?

Eighteen  articles  pertained to this  question
[1, 6, 7, 14, 16-29]. Articles included two surveys and
many case series. The surveys and the articles that best
summarized specific follow-up recommendations are dis-
cussed, but all were utilized in forming our conclusions
[1, 6, 19, 23, 28, 29]. There was no level I, II, or III evi-
dence available.

Variability in postnatal follow-up of patients with
asymptomatic CPAMs seems to be the rule rather than the
exception. In 2006, Lo and colleagues surveyed members
of the Canadian Association of Paediatric Surgeons
(CAPS) regarding their recommendations for follow-up of
CPAM patients who were asymptomatic at birth [19].
Forty-nine surgeons responded (69% of the membership).
This survey demonstrated high inter- and intra-institutional
variability regarding early resection, late resection, or
observation of CPAM patients. There was also significant
variation in the type and frequency of radiographic studies,
including chest X-ray, ultrasound, CT scan, magnetic res-
onance imaging (MRI), and a combined modality evalua-
tion. The duration of follow-up was also highly variable.

They concluded that the management approach of indi-
vidual pediatric surgeons was based on personal interpre-
tation of the available limited literature. These findings
were confirmed by Peters and colleagues with their similar
survey of the British Association of Pediatric Surgeons in
2013 which yielded very similar results [1].

Van Leeuwen and colleagues at the University of
Michigan identified 14 patients over 10 years who were
diagnosed prenatally with a CPAM [28]. Four of these
patients were symptomatic at birth and underwent resection
as neonates. The remaining ten patients underwent CT scan
soon after birth, all of which identified the prenatally
diagnosed lung lesion. Three of these ten patients under-
went lung resection at 2 months, 9 months, and 5 years of
age based on surgeon preference. They felt that there was
adherence to an initial management plan in these patients,
but found that the decision to resect a CPAM in an
asymptomatic patient was ultimately based on the prefer-
ences of each individual pediatric surgeon.

In 2008, Tran and colleagues reported on 38 prenatally
diagnosed CPAM patients [29]. Four pregnancies were
complicated by hydrops fetalis, and two of these hydropic
infants died (one in utero and one as a neonate). Ten
patients diagnosed with CPAM in utero appeared to have
complete resolution of the CPAM on antenatal ultrasound,
but six had an abnormal postnatal chest X-ray, and eight of
these ten infants had CT scans, all of which were abnormal.
In all, 23 of the 33 babies who survived and were
asymptomatic after the newborn period underwent CT, and
all were abnormal. The timing of CT scan ranged from two
days of age to four years of age. Twenty-seven percent of
the patients had undergone resection at the time of the
report.

Sauvat and colleagues reported on 29 patients antena-
tally diagnosed with CPAM who were asymptomatic at
birth over a 10-year time period [23]. This is a subset of a
total of 75 patients referred to their institution with CPAM
over the same time period. In the asymptomatic patients,
the CPAM “vanished” in six patients, meaning that the
lesion was not visible on both chest X-ray and CT scan. CT
was recommended for the postnatal evaluation of CPAM,
but could be postponed until day of life 45 if the patient
was asymptomatic. If the CT, obtained either soon after
birth or at 45 days of age, showed a 3 cm or larger lesion
or fluid within the lesion, they recommended surgical
resection, otherwise a follow-up CT 6—12 months later was
recommended. As a result of these criteria, 17 patients
underwent resection in the first months of life, and the
remaining 12 patients are being followed.

Ng et al. published a 5-year follow-up to their prior
report on 65 initially asymptomatic patients managed by
observation [6]. They classified patients as appropriate for
surveillance if they had antenatally diagnosed lesions that
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were unilateral, in a single lobe, and had no suspected
genetic predisposition to malignancy. They performed an
initial CT scan at 3-6 months of age and did not repeat
imaging in the absence of symptoms. Five patients had no
visible cystic lung lesion on CT and were not followed
further. Two patients developed pneumonia and underwent
resection at 3 years of age, and another required
embolization of a sequestration at 5 years of age. The
remaining 57 are followed clinically, with nine undergoing
further CT scans, most of which (8/9) showed a reduction
in size of the lung lesion.

In summary, observation strategies for asymptomatic
CPAMs generally include at least one postnatal CT scan. The
timing of the CT scan depends on the practitioner’s preferred
management strategy and potential timing of resection. Pa-
tients may be evaluated differently if they develop symptoms
such as pneumonia or pneumothorax. Surgical resection
should be advocated if a patient has a family history that may
predispose them to pleuropulmonary blastoma or there is
concern for DICERI1 syndrome [30].

(Level 1V evidence, Grade D recommendation)

What is the optimal operative approach (segmental/
non-anatomic/lobar resection) for CPAM resection?

Lobectomy has generally been considered the most com-
mon surgical treatment of a patient with a CPAM confined
to a single lobe. This section will address the question of
CPAM resection via an approach other than lobectomy
such as: segmentectomy, “wedge” resection or another
non-anatomic resection. For the purposes of this paper,
non-lobectomy resections will be termed lung-sparing
resections (LSR). Given that lobectomy has long been
considered the standard of care in pediatric surgery for a
CPAM occupying one lobe, the issue addressed here is
whether LSR for the treatment of a patient with an
asymptomatic, single lobe lesion is inferior, equivalent, or
superior to lobectomy.

Twenty-nine studies addressed the question of surgical
approach, and nine manuscripts included patients who
underwent LSR (Table 2). In these nine reports of 127
patients, LSR was performed using either an open or tho-
racoscopic approach, and variable lengths of postoperative
follow-up were reported. Although no patient experienced
a malignancy during follow-up, it is difficult to draw any
definitive conclusions from this observation as malignancy
tends to present in the second or third decade of life and
long-term follow-up was not consistently reported. In
addition, although the operations were performed safely
(no operative mortality), 11 patients (9%) required reop-
eration for persistent air leak, bronchopleural fistula, or
persistent disease detected on follow-up imaging, which
was itself not performed routinely in all studies.
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In 1981, Nishibayshi described five patients who
underwent LSR for symptomatic CPAM [31]. Four of the
patients experienced significant postoperative sequelae
such as empyema (one patient), prolonged air leak (two
patients), or residual disease requiring reoperation (one
patient). Conversely, Browdie and co-authors reported
three patients with symptomatic multifocal disease who
underwent LSR and had uneventful recoveries apart from a
longer period of air leak from the chest tube (5-7 days)
[32]. Follow-up ranged from 5 to 19 years and none of the
three patients had clinical complications. Sapin et al.
identified six patients from a prenatally diagnosed cohort
who eventually underwent LSR; one underwent completion
lobectomy at a later time for concerning findings on fol-
low-up imaging [33]. Waszak and others from Lyon,
France reported ten patients (seven asymptomatic) who
underwent segmentectomy for CPAM, of whom three had
a prolonged air-leak and one required re-operation for
residual disease [34]. It is worth acknowledging that
modern technical tools for tissue sealing (reinforced staple
loads, fibrin sealants, radiofrequency energy sealing devi-
ces) were not available at the time of that study.

A study from Seoul, South Korea reported on 45 con-
secutive patients who underwent surgical resection for
CPAM over a 12-year period [35]. This was a heteroge-
neous cohort, with the majority of patients undergoing
resection at a later age (mean age at operation 11.4 years)
for symptomatic disease (64%). Thirty-three patients were
treated by lobectomy and 12 underwent LSR. Prolonged air
leak occurred in one patient in each group and the average
length of stay was not different between groups. In long-
term follow-up of the LSR group, one patient had an
asymptomatic residual lesion on a follow-up CT scan but
did not undergo repeat resection. No mention was made
with regard to long-term pulmonary function.

Johnson et al. reported their experience with thoraco-
scopic LSR in 15 patients between 2007 and 2010 [36]. Of
the patients, 12 (80%) were diagnosed prenatally and nine
were asymptomatic at the time of resection. Parenchymal
resection was carried out by direct visualization of the
lesion and definition of “radiographic borders” using either
a vessel sealing radiofrequency energy device or a GIA
stapler. The mean length of stay was 4.2 days. During
follow-up, all patients underwent a CT scan six weeks
postoperatively; one patient required reoperation for what
was thought to be an incomplete initial resection.

The systematic review by Stanton summarized the sur-
gical approach when available [5]. The type of surgery
undertaken was specified in 328 cases, of which 268 were
lobectomy and 60 were segmentectomy. Residual disease
was reported as a complication in nine patients (15%) who
had undergone segmental resection (age at surgery not
specified in all) while no patients had reported residual
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Table 2 Do CPAMs become symptomatic?

References # Patients Type of study Symptomatic?

Stanton et al. [5] 1070 Meta-analysis 505 symptomatic (47%)

Ng et al. [6] 74 Case series 9 symptomatic (12%)

Khosa et al. [10] 30 Case series 9 symptomatic (30%)

Wong et al. [6] 35 Case series 14 symptomatic at birth (40%)

18 symptomatic before 2 yo (86% of non neonatal patients)

disease after lobectomy. The largest reported series of LSR
for CPAM (54 patients over 10 years) comes from the
University of Bologna, Italy [37]. Patients were judged to
be suitable for LSR if the lesion was surrounded by normal
lobar parenchyma on CT and identified visually at the time
of surgery. Twenty-six were approached thoracoscopically,
with 18 cases requiring conversion to thoracotomy. There
were six postoperative complications in the 54 patients:
three asymptomatic pneumothoraces that resolved without
intervention, one tension pneumothorax that required
replacement of thoracostomy tube, and three instances of
intra-operative bleeding requiring blood transfusion. The
mean duration of follow-up was 65 months. All patients
underwent a chest radiograph 1 year after surgery and a
subsequent chest CT if the chest radiograph or symptoms
raised the suspicion of residual disease. Two patients
experienced pneumonia during the follow-up period. A
third patient had a cystic lung lesion on postoperative CT
that required lobectomy. The authors concluded that LSR is
a safe and effective means of surgical treatment for care-
fully selected patients with CPAM-—namely, asymp-
tomatic patients with small lesions identified with a high-
quality CT scan.

Bagrodia et al. recently published another series of
patients undergoing segmentectomy for CPAM [38].
Thirty-four patients had an intrapulmonary lesion (CCAM
or intrapulmonary sequestration) resected by either lobec-
tomy (n = 15) or LSR (n = 19). Patients undergoing LSR
had a shorter length of stay than their lobectomy counter-
parts and a slightly shorter duration of chest tube dwell.
However, 80% of the patients undergoing LSR were
approached thoracoscopically, whereas the majority of the
patients undergoing lobectomy were approached through a
thoracotomy. Although operative morbidity was low, they
reported no long-term follow-up and did not study post-
operative pulmonary function after either lobectomy or
LSR. Sauvat and co-authors reported 11 cases of LSR but
did so in the context of a paper addressing observation for
prenatally diagnosed lesions; no mention was made of
specific short and long-term outcomes of LSR compared to
lobectomy [23].

In summary, lobectomy remains the standard of care for
surgical resection for most patients with CPAM. Whereas

LSR is feasible and safe, long-term follow-up after LSR is

inconsistent, and there is no information regarding the

benefit of LSR on long-term pulmonary function. There is

no current evidence that LSR is superior to lobectomy for a

single lobar asymptomatic CPAM either in terms of peri-

operative morbidity or long-term pulmonary function.
(Level 1V evidence, Grade D recommendation)

What is the optimal timing for an asymptomatic
CPAM resection?

Wide variation exists among pediatric surgeons regarding
the optimal timing of resection of an asymptomatic CPAM.
To answer the question of the optimal window for resec-
tion, we reviewed twelve studies that specifically addressed
timing of surgery. Due to a paucity of high-level data, the
following analysis also draws on other literature to com-
ment on the rationale for timing resection of CPAM.

What is the ideal time to provide for optimal compensatory
lung growth after pulmonary resection?

A large body of animal data supports the concept that com-
pensatory lung growth occurs after lobectomy or pneu-
monectomy; however, the nature and extent of that growth is
not clear. Studies evaluating compensatory growth after
pulmonary resection in animals of varying ages are not
entirely consistent. Although the rate of compensatory
growth is likely faster in younger animals, the quantitative
compensatory response may not be significantly different
from that of older animals. Taken together, these observa-
tions suggest that the mechanisms for compensatory lung
growth are likely different from those of normal lung growth,
but compensatory development does indeed occur [39].

In 1998, Nakajima and colleagues reported the long-
term pulmonary function of 27 patients who had undergone
lobectomy in infancy or childhood [40]. Although vital
capacity (% VC) decreased immediately after lobectomy, it
recovered to normal values within two postoperative years
and remained within or above the normal range. However,
in patients who underwent lobectomy after 4 years of age,
%VC was significantly lower compared to patients who
underwent resection at an earlier age.
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In 2009, Komori and co-authors examined long-term
pulmonary function in 93 patients who underwent lobec-
tomy between 2 days to 15 years of life [41]. Alveolar
growth (as opposed to emphysematous change) as mea-
sured by radionucleotide imaging was lower in patients
who had undergone lobectomy after 1 year of age, sug-
gesting an improvement in long-term pulmonary function
in those patients who had undergone lobectomy prior to
1 year of age. In addition, those patients who had a history
of preoperative pulmonary infection had more emphyse-
matous lung growth after lobectomy regardless of the age
at resection, suggesting that an operation prior to the
development of an inflammatory process would result in
more effective alveolar growth as opposed to emphyse-
matous compensation.

Conversely, Keijzer et al. examined a small cohort of 14
patients who underwent traditional pulmonary function
testing at the age of 10 years after undergoing lobectomy at
an earlier age and found no difference in mean forced vital
capacity (FVC) or mean forced expiratory volume in 1 s
(FEV1) between patients undergoing lobectomy before the
age of 2 years compared with those having the operation
after 2 years of age [42]. A similar study by Naito et al.
also essentially demonstrated normal PFTs after lobectomy
in 28 patients whose operation occurred between 3 days
and 56 months of age [43]. There was a trend towards
inferior VO,,,x measurements in older patients but this
failed to reach significance (p = 0.055). Both studies were
limited by very small sample sizes.

In summary, the literature provides inconsistent results
regarding pulmonary function in humans after pulmonary
resection. Nevertheless, current evidence supports the
practice of early resection based on the possibility of
compensatory lung growth. The literature, however, does
not clearly identify an age at which the intersection
between operative risk and compensatory lung growth
occurs.

(Level 1V evidence, Grade D recommendation)

What is the ideal time to resect a CPAM to prevent
the development of inflammation or infectious
complications?

The principal aim in offering resection to a patient with an
asymptomatic CPAM is to prevent symptoms or compli-
cations, most commonly pneumonia or lung abscess. Per-
forming a lobectomy prior to the development of
inflammatory changes in the chest is also preferable as it
may theoretically make the operation easier and decrease
operative time and perioperative complications.

Calvert and coauthors reported their experience with 13
patients with CPAM who were asymptomatic and under-
went resection at ages either less than or greater than
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6 months of age [44]. There were histologic or gross
inflammatory changes in the resected specimens in 50% of
patients who underwent surgery after 6 months, compared
to only 20% in those who had a resection prior to 6 months
of age. Pelizzo et al. also demonstrated histologic findings
of inflammation in 50% of lobectomy specimens taken
from patients undergoing elective lobectomy for an
asymptomatic CPAM at 3 months of age [45]. Neither of
these studies commented on operative difficulty or inci-
dence of perioperative complications associated with these
histologic changes.

Conforti and colleagues reported a cohort of 57 consecutive
patients with a CPAM over an 8-year period [46]. Among the
35 children who were asymptomatic at birth and later under-
went lobectomy, there was no difference in length of hospital
stay or morbidity between those patients who underwent
resection prior to 6 months of age compared to after 6 months
of age. However, there was an increased incidence of devel-
oping respiratory symptoms before surgery in patients
undergoing surgical resection after 6 months of age. In addi-
tion, patients who had symptoms prior to surgery experienced
a more complicated (longer hospital stay, more ventilator
days, longer time of pleural drainage) postoperative clinical
course compared with asymptomatic patients.

Kim and co-authors described another single-institution
experience of 40 patients over a 6-year period [47]. They
found that older age at the time of surgery was associated
with the higher risk of developing operative complications,
although all patients eventually recovered. The odds ratio of
developing an operative complication per month of
increased age was 1.025 (CI 1.002—-1.048). These findings
suggested that a “delay of months” would not pose a sig-
nificant perioperative risk of morbidity, but waiting several
years may result in substantial perioperative risk. The
authors did not specify the number of months that would be
safe to wait. They performed four elective resections in
patients with prenatally diagnosed CPAM within the first
month of life and those patients had no increased operative
morbidity when compared to their older counterparts.

Marshall et al. retrospectively described 16 initially
asymptomatic patients who eventually underwent lobec-
tomy [48]. Surgical resection in the asymptomatic period for
those patients who were diagnosed prenatally was associated
with a shorter length of stay and a trend toward a decreased
major postoperative complication rate compared with
patients who did not have a prenatal diagnosis and presented
with symptoms (respiratory distress, infection) at a later date.

At the Children’s Hospital of Philadelphia over a
10-year period, 170 patients received postnatal care for a
prenatally diagnosed fetal lung lesion [49]. One hundred
nine patients were asymptomatic at birth. Four of these
patients underwent a thoracoscopic lobectomy and were
excluded from further analysis. The remaining patients



Pediatr Surg Int (2017) 33:939-953

947

(n = 105) underwent chest CT to confirm the prenatal
diagnosis and then had surgical resection by open thora-
cotomy at a mean age of 2.5 months. Of these 105 patients,
seven developed a complication that included a prolonged
postoperative air leak in three patients and need for a
transfusion in four patients—two for intraoperative bleed-
ing and two for preoperative anemia. The average length of
stay was 3 days, and there was no perioperative mortality.

Rothenberg et al. reported their experience with 74
patients weighing less than 10 kg who successfully
underwent thoracoscopic lobectomy [50]. Twenty-six of
these patients underwent lobectomy at less than 3 months
of age prior to the development of symptoms. Their mean
length of hospital stay was 1.5 days, and there were no
perioperative complications noted. The practice of per-
forming thoracoscopic lobectomy in pediatric patients was
first advocated by Albanese and co-authors who safely
performed 14 thoracoscopic lobectomies on small children
(mean age 6 months) using a vessel-sealing device for
vascular dissection [51]. Both Rothenberg and Albanese
editorialized that by operating early on younger patients,
the inflammatory changes associated with both clinically
apparent and subclinical infections may be avoided.
Although they and others have suggested that minimally
invasive lobectomy can be more challenging once the child
has already suffered a clinical chest infection there is no
objective data to support this claim [52, 53].

In summary, with regard to the “optimal timing” for
resection, immediate postnatal resection is not mandatory
for the asymptomatic patient. While there is little evidence
to mandate an operation at a defined time in the first year of
life, the current available data would suggest that early
(<6 months of age) surgery allows for ease of operative
intervention, adequate recovery, and a reasonable time for
compensatory lung growth while avoiding the potential
infectious complications associated with observation.

(Level 1V evidence, Grade D recommendation)

What is the optimal imaging modality and timing
of imaging for an asymptomatic CPAM?

We reviewed 31 studies with a focus on prenatal and
postnatal imaging, with only 11 of the studies addressing
postnatal imaging modalities. No studies compared post-
natal axial imaging techniques in terms of timing, accu-
racy, and efficacy.

Prenatal imaging

A pulmonary parenchymal abnormality noted on a prenatal
screening ultrasound often prompts referral to a maternal-
fetal medicine specialist for a confirmatory ultrasound
examination. In addition to characterization of the lesion,

an assessment for other anomalies and hydrops, a mea-
surement of CVR (CPAM volume ratio) is often per-
formed. The CVR is calculated by taking the product of the
three dimensional measurements of the lesion (height x -
width x length) and 0.523 (the formula for the volume of
an ellipse) and dividing this result by the head circumfer-
ence. Crombleholme and colleagues first described the
CVR and found that a measurement greater than 1.6 at the
initial fetal ultrasound investigation predicted an increased
risk of hydrops developing in a patient with a CPAM [54].
They concluded that a CVR <1.6 at presentation suggests
that the risk of hydrops developing in the absence of a
dominant cyst is less than 3%. Yong and co-authors
reported a retrospective cohort of 71 consecutive cases of
prenatally diagnosed CPAM and confirmed that a CVR

>1.6 was significantly associated with hydrops [55]. In
addition, a higher CVR correlated with adverse postnatal
outcome at a mean age of follow-up of 41 months (range
<1 to 117 months) and noted that a CVR <0.56 was pre-
dictive of an asymptomatic patient at birth. In a another
retrospective review of CVR, Cass and co-authors
reviewed 82 consecutive fetuses evaluated for a lung mass
at a single fetal treatment center CVR correlated strongly
with the development of hydrops and the need for fetal
therapy [56]. This group noted that the CVR threshold for
need for fetal intervention was more than two.

There is little data to guide what ultrasound character-
istics should prompt fetal MRI. Compared to high quality
ultrasound, routine MRI often does not add clinically rel-
evant prenatal information when the diagnosis is clear
[57, 58]. However, Hubbard et al. described an initial
experience with fetal MRI at a single fetal treatment center
in 18 patients referred from outside hospitals based on an
ultrasound diagnosis and concluded that the fetal MRI
changed the prenatal diagnosis in nine fetuses (50%) [59].
In that study, the ultrasound results were not reviewed and
if an ultrasound was repeated at the fetal treatment center
those results were not elucidated in the manuscript. All
nine patients had an ultrasound diagnosis of a CPAM at
referral—three patients were found to have a CDH, one
tracheal atresia, one pulmonary agenesis, one neuro-enteric
cyst, one bronchial stenosis, and one with bronchopul-
monary sequestration. The other patient was thought to
have bilateral CPAM on ultrasound, but MRI confirmed a
large unilateral CPAM. Alternatively, Matsuoka described
seven patients who underwent fetal MRI in the setting of an
ultrasound diagnosis of a fetal thoracic lesion that they felt
to be “atypical or complicated by other anomalies” [60].
Six of the seven patients had the diagnosis confirmed, but
not changed by the fetal MRI, and the only diagnosis that
was altered by MRI was a fetus that was noted to have a
pleural effusion and polyhydramnios on ultrasound, but
was found to have esophageal atresia in addition to those
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findings and died soon after cesarean delivery at 30 weeks
due to worsening fetal hydrops. Liu and colleagues retro-
spectively evaluated 20 cases where ultrasound suggested a
complex fetal cystic lung lesions to evaluate the effec-
tiveness of MRI [61]. Of ten patients who were though to
have a CPAM based on ultrasound, five were confirmed to
have a CPAM on MRI whereas fetal MRI demonstrated a
bronchopulmonary sequestration (BPS) in three, and con-
genital lobar hyperinflation in two. In ten patients where
the ultrasound suggested a BPS, eight were found to have a
BPS on MRI and the other two a CPAM. Although fetal
MRI was a complementary tool in differentiating among
BPS, CPAM, and congenital lobar fluid overload, the
authors did not discuss how the MRI affected prenatal or
postnatal management apart from the benefits of more
accurate prenatal counseling.

Fetal MRI may alter the prenatal diagnosis in some
patients who are initially felt to have a CPAM on fetal
ultrasound. Clearly, an accurate diagnosis is mandatory
prior to fetal intervention, but the benefits are less clear
when considering prenatal counseling—especially as it
relates to differentiating between a CPAM and BPS, where
postnatal management is dependent on postnatal imaging
regardless of the prenatal findings. To date, the number of
patients for whom an MRI truly adds or changes a well-
performed ultrasound remains poorly described outside of
large prenatal referral centers. The limited studies included
in this review did not address the expertise of the fetal
ultrasonographer or the benefit of repeat ultrasonography
when the initial diagnosis may be in question or performed
in a screening capacity.

Postnatal imaging

For the asymptomatic patient with a prenatally diagnosed
lesion, a single anterior-posterior radiograph is generally
obtained as an initial method to identify issues that may
require immediate intervention. However, there is no
objective information to suggest how often this radiograph
changes management in the asymptomatic infant. It is clear
that a normal postnatal chest radiograph is not a reliable
indicator of resolution of a lesion noted on prenatal ultra-
sound [62]. Definitive imaging to confirm a suspected
CPAM on prenatal imaging in the asymptomatic patient is
often carried out by multidetector computerized tomogra-
phy with angiography (MDCTA). This technique allows
for rapid acquisition of high-resolution 3-D datasets and
reduces the need for sedation, which is advantageous for
the neonate and infant [63]. Magnetic resonance imaging
(MRI) provides an alternative to CT for the evaluation of
an asymptomatic CPAM; however, as a first-line modality
for the evaluation of congenital lung anomalies, MR is
limited given the suboptimal capability of MR imaging to
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assess lung parenchymal abnormalities accurately. We
found no literature that described a meaningful experience
with postnatal MRI in the patient with an asymptomatic
CPAM.

In summary, prenatal fetal lung lesions are commonly
followed by fetal ultrasound, and fetal MRI should be
considered in high-risk lesions when fetal therapy is being
entertained or when the diagnosis is unclear. There is little
data to suggest that routine MRI is warranted in all cases of
prenatal cystic lung anomalies. Plain radiography imme-
diately after birth typically adds little value for the
asymptomatic patient, but may detect findings that may
prompt earlier resection. Postnatal multidetector chest CT
angiography (MDCTA) should be performed in patients in
whom any lesion has been noted prenatally to confirm the
presence of the lesion and characterize its location and
potential extra-pulmonary blood supply. The timing of this
study is variable.

(Level V evidence, Grade D recommendation)

What are the indications and outcome for fetal
intervention?

Question 6 addresses the fetus with an in utero diagnosis of
a cystic lung lesions thought to be a congenital pulmonary
airway malformation. Thirty-six studies were further
reviewed; we discarded singular case reports, but retained
literature summaries of existing individual reports. We did
not encounter any level I, I, or III evidence to assist with
answering this question. Particular attention was paid to
prenatal indications for intervention and/or treatment.

A fetus with a cystic lung lesion is determined to be
“high risk” based on imaging characteristics either by
ultrasound, echocardiography, or MRI. Prenatal charac-
teristics of high risk include a CVR >1.6, placentomegaly,
abnormal fetal echocardiography, diaphragm eversion,
severe mediastinal shift, or lung hypoplasia (on MRI).
Maternal mirror syndrome is the constellation of fetal and
placental hydrops with maternal preeclampsia and portends
a poor prognosis for the fetus. All of these conditions can
occur in the fetus with a cystic lung lesion, and when they
do, merit consultation with a fetal treatment center (see
Tables 3, 4).

Prenatal steroid therapy

Tsao et al. from the University of California, San Francisco
(UCSF), first elucidated the effectiveness of maternal
steroids for the treatment of a high-risk fetus with a con-
genital cystic lung lesion [51]. Three mothers who were
referred to UCSF for fetal surgical resection of a micro-
cystic lung lesion were given preoperative betamethasone
as routine medication prior to fetal surgery. In these three
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Table 3 Observation strategy for CPAM

References # Type of imaging Timing of Duration of follow-up
Patients imaging
Lo and Jones [19] N/A Variable recommendations Variable Variable
Peters et al. [1] N/A Variable Variable Variable
Van Leeuwen et al. 14 14 patients over 10 years, CT scan Soon after birth Resection in three patients, others
[28] followed
Tran et al. [29] 38 CT scan 2 days to 4 yo Undefined
Sauvat et al. [23] 29 Antenatally diagnosed, CT 1-2 months old Follow-up CT 6-12 months later
recommended
Ng et al. [6] 65 CT scan 3-6 months old Indefinite, no further imaging needed

Table 4 Lung sparing resection (segmentectomy or non-anatomic resection) for CPAM

Year References Patients (N)  Follow-up Recurrence or  Notes

Country (1st author) reoperation

1981 Nishibayashi 5 None listed 2 All patients symptomatic, 30 year retrospective

USA experience since 1948

1993 Canada  Browdie 5 months to 19 years 0 Performed for multifocal CCAM, all symptomatic

1997 Sapin Not defined 1 Authors note “long term follow up” but this is not

France defined

1999 Waszak 10 None listed 2 No reason for segmentectomy given

France

2001 Keidar 3 None listed 2 F/U CT scan after surgery

Israel

2008 Kim 12 Mean 64 months 1 10 segmentectomy, 2 wedge

Korea

2011 Johnson 15 Mean 18 months 2 Thoracoscopic segmentectomy, reoperation for

USA residual disease, one for bronchopleural fistula

2013 Fascetti-Leon 54 Mean 65 months 1 Complete resection defined as negative margins, CT

Ttaly scan only obtained if symptoms developed after
surgery or chest X-ray 1 year postop was abnormal

2014* Bagrodia 19 Median 6 months 0 All completed thoracoscopically, no long term

USA follow up specific for LSR

Total 127 11 (8%)

* Included as reference outside of initial period for systematic review due to large experience

cases, fetal surgery was ultimately abandoned, the
mild/moderate hydrops resolved, and the pregnancy con-
tinued to term. The three infants did not require an
immediate postnatal resection. Since that first description,
others have reported a similar experience in patients with
microcystic lesions that is summarized in Table 5 [64—67].
Maternal betamethasone is given as two doses of 12 mg
intramuscularly with 24-h between doses. The “variable
response to steroids” as noted by Morris and colleagues
was variable in the sense that all of the patients who were
“non-responders” had macrocystic lesions [67]. Of the 11
patients who were “responders”, one had a favorable initial
response, eventually underwent fetal lobectomy at
23 weeks, and suffered in utero fetal demise 5 weeks later.

Two of the patients had macrocystic disease but, in addi-
tion to steroids, were treated with a thoracoamniotic shunt.
The remainder of the responders had microcystic disease
and survived to delivery and beyond. No adverse maternal
or fetal events have been noted resulting from betametha-
sone administration.

Prenatal cyst decompression

Trans-amniotic needle decompression or thoracoamniotic
shunting for patients with macrocystic lesions has been
described in 28 case reports that were not part of the final
130 papers thoroughly reviewed. In a systematic review of
in utero pulmonary drainage in the management of a
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Table 5 Prenatal steroids for high risk CPAM

References # Patients Center Characteristics Hydrops (resolution) Survival to discharge

Curran et al. [65] 13 UCSF All microcystic 9 with hydrops (7 resolved) 11/13 (85%)

Loh et al. [64]

Albanese et al. [51]

Morris et al. [67] 15 Cincinnati 7 Macrocystic Macrocystic Macrocystic 2/7 (29%)

8 Microcystic 7 hydrops (2 resolved) Microcystic 6/8 (75%)

Microcystic
6 hydrops (5 resolved)

Peranteau et al. [66] 11 CHOP All microcystic 5 with hydrops (4 resolved) 100%

congenital cystic lung lesion by Knox et al., a sub-analysis
of studies that compared drainage (needle decompression
or shunting) with non-treatment in fetuses complicated by
hydrops revealed a marked association of drainage with
survival [68]. The authors noted that there is a paucity of
good quality evidence to inform clinical practice reliably
regarding intrauterine pulmonary drainage for CPAM, but
the available evidence suggests that perinatal survival may
be improved by in utero treatment for those cases with
macrocystic congenital cystic lung lesions and hydrops.
Nevertheless, no single study directly compares tapping to
shunting, thus we cannot directly comment on the merits of
one versus the other.

Timing and fetal surgery

For the fetus that does not respond appropriately to a
non-operative fetal intervention and is less than
32 weeks of gestational age, fetal lobectomy may be
considered. Harrison and the fetal treatment group from
UCSF described the first successful fetal lobectomy in
1990 [69]. In 1998, Adzick updated the cumulative
experience with fetal lobectomy performed between 21
and 29 weeks gestation in 13 cases with eight survivors,
but noted that all of the patients who underwent fetal
lobectomy had developed hydrops and most assuredly
would have died had lobectomy not been performed
[70]. In the eight fetuses that survived, CPAM resection
led to hydrops resolution in 1-2 weeks, return of the
mediastinum to the midline within 3 weeks, and
noticeable in utero lung growth. Developmental testing
every 6—12 months had been normal in all eight sur-
vivors at the time of their report. Today, fetal lobectomy
is offered less frequently due to the excellent response of
many microcystic lesions to maternal steroid therapy and
the heightened understanding of the importance of serial
ultrasound examination and close follow-up for patients
with a known CPAM. However, it remains a feasible
option in fetal centers for those who fail to respond to
other therapies.
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Some fetal centers have had a favorable experience in
selected cases with a controlled operative (Caesarean)
delivery with fetal lobectomy while on placental support—
the ex-utero intrapartum treatment (EXIT) to resection
strategy. A fetal lobectomy is carried out on placental
support when there is persistent mediastinal shift and/or
hydrops associated with a persistently elevated CVR after
32 weeks of gestational age. Hedrick and colleagues pub-
lished an initial experience of nine patients undergoing
EXIT to resection of whom eight survived [71]. The
maternal morbidity at the time of the report was limited to
preterm labor (four patients) and chorioamnionitis (one
patient). That same group anecdotally reported a subse-
quent experience of 22 patients with 20 survivors and
similar maternal morbidity in response to a presentation
from Cass and colleagues who also reported a similar
successful experience with EXIT to resection in their
center [72]. Cass and colleagues described opening the
fetal chest while on placental support, but proceeding with
removal from placental support if the fetus could be ade-
quately ventilated. If adequate ventilation was achieved,
the fetus was taken to a separate operating room and the
lobectomy was completed while a separate surgical team
cared for the mother. All nine patients who underwent
EXIT to resection for persistent mediastinal compression
from a CPAM in this series survived to discharge. Prior to
implementing this strategy, four of six fetuses with sig-
nificant mediastinal compression died using a strategy of
conventional resection after delivery.

In summary, in the absence of randomized studies and
long-term follow-up, identification of the fetus that could
clearly benefit from in utero or ex-utero intrapartum
treatment to improve perinatal and postnatal outcome is
unclear. For patients with a CPAM and developing
hydrops, consultation with a fetal treatment center likely
offers benefit for the fetus and family. While there are no
data to support this recommendation, fetal treatment
modalities are not widely available and there are data to
support the case for fetal treatment. Examination of the
data allows for these recommendations:
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e Prenatal steroids should be administered to mothers
carrying a fetus with a microcystic congenital cystic
lung lesion with high risk factors.

(Level 1V evidence, Grade C recommendation)

e Thoracoamniotic shunting or decompression should be
offered when a fetus has a macrocystic congenital
cystic lung lesion with “high risk” factors and hydrops.

(Level 1V evidence, Grade D recommendation)
Summary and conclusions

This review elucidates the paucity of data to allow for
clear recommendations for the management of the fetus,
neonate, and child with an asymptomatic CPAM. There
is clearly a need for risk-adjusted, lesion stratified data
collection that is likely best performed at a multi-insti-
tutional level. After the neonatal period, the likelihood
of an asymptomatic lesion becoming symptomatic is
upwards of 85%; yet reproducible risk factors for pre-
dicting the development of symptoms are not currently
available. Variability in postnatal follow-up of patients
with asymptomatic CPAMs is the rule rather than the
exception, and the optimal timing of surgery is not well
known. The available evidence would support a variety
of approaches based on conflicting and low level evi-
dence, but if surgical resection is chosen, doing so prior
to the development of symptoms is justifiable based on
the available evidence. We do know of current ongoing
trials evaluating the promise of observation of selected
asymptomatic lesions, and the results of that work will
certainly add to our knowledge of whether or not it is
safe to observe the child with an asymptomatic CPAM.
Ongoing assessment of long-term pulmonary function in
patients undergoing operative intervention is necessary
to evaluate the merits of lung sparing interventions vs.
standard lobectomy as well as the appropriate timing of
surgical extirpation of an asymptomatic lesion. The
utility of prenatal MRI remains largely unknown in cases
of an uncomplicated chest lesion noted on routine pre-
natal ultrasonography, but does appear to assist in the
differentiation of lesions when the ultrasound diagnosis
is unclear or a fetal intervention is planned. An optimal
postnatal imaging protocol cannot be recommended from
the literature reviewed, but axial imaging does clearly
offer a level of anatomic detail that cannot be elucidated
by thoracic ultrasound or plain radiography. For the fetus
with high risk factors for developing hydrops, prenatal
steroids should be administered to mothers carrying a
fetus with a microcystic CPAM and thoracoamniotic
shunting is a useful fetal interventional modality when
faced with a cystic space occupying thoracic lesion.
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