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wide array of thoracic diseases affects both the adult and

pediatric populations alike. While many disease pro-
cesses and treatment algorithms are similar among pediatric
and adult patients, awareness of the pathologic differences
and the unique challenges specific to pediatric interventions
are critical for treatment success. Additionally, the over-arch-
ing principles of radiation safety and radiation awareness,
summarized by “as little as reasonably achievable; ALARA”
principles,' are especially important in the pediatric setting.
As such, the judicious use of ionizing radiation and the pref-
erence for ultrasound-guided procedures over computed
tomography (CT) creates a general distinction between tho-
racic procedures in the pediatric and adult populations.””

As the pediatric IR’s role within multidisciplinary teams
continues to expand, the need for expertise in both diagnos-
tic and therapeutic interventions is of increasing importance.
This manuscript aims to review the fundamental treatment
considerations, techniques, and complications associated
with minimally invasive procedures used to treat the most
commonly encountered pediatric thoracic diseases.

Thoracic Biopsies

Although pediatric thoracic biopsies within the mediastinum,
pleura, or lung parenchyma were traditionally performed via
open or surgical methods, bronchoscopy, or video-assisted
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thoracoscopic surgery, the role for percutaneous interventional
techniques has continued to expand. Specifically, as interven-
tional procedural equipment and operator expertise has con-
tinued to evolve and improve, the interventionalists’ role
surrounding thoracic biopsies has also evolved from one of
predominately surgical lesion localization to primary tissue
sampling.”” While no universally accepted operational stan-
dard exists, interdisciplinary societies have suggested that
peripherally located thoracic lesions be targeted with percuta-
neous tissue sampling, while more central lesions be targeted
from endobronchial approaches and endobronchial lavage.”’

Indications for thoracic biopsies do not significantly vary
between adult patients and pediatric patients. Fundamen-
tally, thoracic biopsies can be separated into obtaining tissue
for a malignant diagnosis, a benign diagnosis, or tissue sam-
pling for culture.”” While no absolute contraindications exist
for percutaneous sampling, relative contraindications can be
globally grouped into compromised respiratory function and
intrinsic pulmonary diseases, including interstitial lung dis-
eases, pulmonary arterial hypertension, technically challeng-
ing lesion locations (eg, target located centrally or near the
diaphragm), coagulopathies, and positive pressure ventila-
tion, 6810

After clinically deciding upon percutaneous tissue sam-
pling, the technical aspects of approach and available equip-
ment should be considered. In children, many peripheral
lung lesions can be biopsied with ultrasound guidance
(Fig. 1). Additionally, with the availability of cone-beam CT
guidance (Fig. 2) in many IR suites, this modality allows IRs
to perform percutaneous lung biopsies and potentially
expose pediatric patients to less radiation as compared to
similar procedures performed on conventional CT scanners."'
In fact, a recent multi-institutional retrospective review of 37
pediatric lung biopsies performed with cone-beam CT guid-
ance showed a diagnostic success rate of 89%.'” While many
different products and percutaneous sampling systems exist,
the 2 main techniques are fine needle aspiration (FNA) and
core needle biopsy. The decision to utilize 1 percutaneous sam-
pling technique from the other is often multifactorial and
dependent upon institutional resources, equipment availability,
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Figure 1 Seventeen years old female with a peripheral lung nodule detected on CT (a). Successful, diagnostic 18G core
biopsy was performed of this lesion with ultrasound guidance (b).

Qg

and operator preference.” FNA utilized for the detection of
malignancy has a high sensitivity of 82%-99%, high specificity
of 86%-100%, and an overall accuracy of malignancy detection
of 64%-97% in diagnosing lung cancer in adults. However, the
FNA definitive benign diagnosis yield is only possible in
approximately 20%-50% of cases.” Utilizing a core biopsy sys-
tem increases the yield of benign diagnoses in approximately
52%-91% of cases, with similar specificity and sensitivity yields
as FNA in malignancy detection.” A meta-analysis of multiple
CT-guided percutaneous tissue sampling studies in the pediat-
ric population demonstrated overall diagnostic yields of 77%-
98% of lesions less than 2 c¢m and diagnostic yields of 90%-
98% of lesions between 2 cm and 3 cm.'” Importantly, many
pediatric tumors require extensive tissue analysis that often
necessitates more tissue than can be provided by FNA alone.
Discussion with oncologists and pathologists prior to pediatric
lung biopsy can provide appropriate insight into the amount of
tissue that may be needed based on the suspected pathology
and differential diagnosis.

While understanding percutaneous imaging techniques
and diagnostic yields is important, anticipation and prompt
recognition of complications is also critical to treatment suc-
cess. Major complications surrounding thoracic percutane-
ous tissue sampling include pneumothorax and pulmonary
hemorrhage.””' " Meta-analysis of pediatric data suggests
the incidence of postprocedure pneumothorax ranging from
15% to 52%, and the incidence of pneumothoraces requiring
chest tube insertion ranging from 2% to 8%."” Postprocedure
complications are reduced by decreasing the total number of
pleural transgressions by needle (including lung fissures), as
well as limiting the overall distance of aerated lung crossed
by biopsy needles.” Additionally, postbiopsy techniques
such as rapid roll-over to procedure site down, normal saline
tract sealant, collagen tract plug, blood patch in biopsy tract,
and deep expiration/breath hold during needle extraction,
have all been suggested to reduce the rates of postprocedure
pneumothoraces. '’

While the majority of pulmonary hemorrhage following
percutaneous biopsy is minor and self-limiting, the incidence
of pulmonary hemorrhage in the pediatric population after
percutaneous tissue sampling ranges from 3% to 43%, with
the incidence of symptomatic hemoptysis ranging from 2% to
11%."> Similar reports in adults suggest an incidence ranging
from 4% to 27%.” The need to manage pulmonary hemor-
rhage through advanced airway management and endovascu-
lar interventions are uncommon but may be required in
certain cases. Air embolism following percutaneous thoracic
biopsy is a potentially serious, yet an exceedingly rare compli-
cation, that has been reported to occur in less than 1% of
adults.” The incidence of pediatric air embolism following
biopsy has not been reported. If air embolism is suspected,
supportive care through supplemental oxygen and patient
positioning to trap the air within the right side of the heart
(left lateral decubitus) are recommended immediately. '

Despite the reported complications, percutaneous image-
guided thoracic biopsies are considered both safe and effec-
tive in the pediatric population, and in many instances have
become the standard of care.™”' >

Pleural Space Interventions

A thin layer of normal fluid is located between the partial and
visceral pleura of the lung, compromising what is known as
the pleural space. While the pleural space is a potential space,
certain diseases processes can cause an abnormal expansion
of this space through the accumulation of transudative or
exudative fluid, which may require intervention. 18

Upon discovery of an abnormal pleural effusion, attempts
at delineating the effusion into a transudative effusion or exu-
dative effusion, can assist in diagnosis and help guide man-
agement.'”*" Specifically, Lights criteria are a set of clinical
rules which can be used to delineate between exudative and
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Figure 2 Nineteen years old male with prior Ewing’s sarcoma and
new mediastinal mass detected on CT (a). Using cone-beam CT guid-
ance with live fluoro-navigational overlay (b,c), a coaxial biopsy guide
needle could be advanced to the lateral margin of the mass. Eight
18-gauge cores were obtained successfully without complication.

transudative effusions.'” One of the following is required to
be true to fulfill the criteria for an exudative effusion'”":

(1) The ratio of pleural fluid lactate dehydrogenase (LDH)
to serum LDH must be greater than 0.6;

(2) Pleural fluid LDH to serum LDH (upper limit) ratio
must be greater than 2/3;

(3) Ratio of pleural fluid protein to serum protein greater
than 0.5.'7%"'

The most common cause of an abnormal pleural effusion
in children is secondary to an infectious process, particularly
parapneumonic effusions, which represent 50%-70% of all
abnormal pediatric pleural effusions. Abnormal pleural effu-
sions related to congestive heart failure and malignancy are
uncommon in children and seen much more commonly in
the adult population.”

Fundamentally, a pleural effusion occurs when pleural fluid
production exceeds fluid filtration and elimination, through
disturbances in the pleural Starling forces.” In regards to para-
pneumonic effusions, infectious microorganisms within the
alveoli cause a granulocytic or white blood cell-mediated
inflammatory response. Through this inflammatory process,
multiple changes in the permeability and porosity of pleural
and subpleural capillaries occur, resulting in the leakage of
proteinaceous material and cells into the pleural space, effec-
tively transforming a transudative fluid into an exudative fluid.
If the infectious microorganism has not yet seeded the pleural
fluid, by definition, the pleural fluid has become a sterile exu-
date. However, as the infection continues to progress and seed
the pleural fluid, pro-coagulation factors, such as fibrin, can
also begin to leak into the pleural space. As fibrin and collagen
are deposited, and the infection within the pleural space
becomes organized, loculations and a rind surrounding the
purulent pleural fluid occurs. By definition, this organized col-
lection of infected and purulent pleural fluid is consistent with
an empyema.” >

The sequela of untreated and ongoing thoracic infectious
processes can result in significant morbidity, if not result in a
terminal event for some patients. Specifically, as infected pleu-
ral effusions or an empyema becomes organized and loculated,
the resultant damage can cause diminished parenchymal lung
expansion, leading to a restrictive lung disease pattern. More-
over, extension of an infectious process centered within the
pleural space into adjacent tissue planes, such as dissection of
an empyema into the chest wall (empyema necessitans) or
extension of the empyema into the adjacent lung parenchyma,
can substantially increase morbidity in some patients.”'

Pediatric IRs have a unique opportunity to mitigate morbid-
ity and mortality by providing minimally invasive solutions to
pediatric, pleural-based disease processes. Optimizing medical
management prior to intervention is a general routine initial
step, and pediatric pleural diseases are no different. Medical
management of systemic disease processes, correction of elec-
trolyte abnormalities, and modifying fluid volume status can
all be utilized in the management of noninfectious pleural fluid



398

J.H. Shah and M.J. Whitmore

accumulation. However, medical management of pleural-based
infectious disease processes is far less structured. Most clini-
cians agree that antibiotic therapy alone can often treat uncom-
plicated infectious pleural effusions, excluding those effusions
that are causing significant mass effect or respiratory compro-
mise.”*"*” Additionally, the American College of Chest Physi-
cians advocates for initiating empiric antibiotic regimens prior
to hematologic or pleural fluid culturing.””*"*° However, as
infected effusions transform into organized infected fluid col-
lections (empyema), antibiotic therapy alone may not be effec-
tive, and surgical or procedural interventions may be
required.”” Despite intervention in severe pleural-based infec-
tions, intravenous and oral antibiotic regimens must continue
well past the afebrile period of illness.”* "

To supplement medical management, interventionalists
have multiple percutaneous techniques at their disposal to
assist in the management of pleural-based disease processes,
which are described below.

Thoracentesis

Although numerous diagnostic and therapeutic indica-
tions exist for percutaneous pleural fluid needle aspiration,
there are no established consensus guidelines for thora-
centesis in children.”” With the majority of pleural effu-
sions within the pediatric population related to infectious
etiologies, indications of intervention are related to drain-
ing or obtaining infected fluid for diagnostic and/or thera-
peutic purposes.”” !

Once the decision is made to intervene percutaneously in a
patient’s care, technical considerations of pleural-based inter-
ventions include imaging guidance, equipment, and
approach. While thoracenteses have traditionally been per-
formed without imaging guidance, the use of sonographic
imaging guidance for thoracenteses and tube thoracostomy
has been well established and demonstrated reduced rates of
pneumothorax compared with the absence of imaging guid-
ance.’'”* A multitude of equipment exists to perform thora-
centeses. At our institution, the most commonly utilized
equipment includes a combination 5 French and
19-gauge needle-centesis catheter system positioned in the
most dependent areas (containing the largest amount of pleu-
ral fluid). Of note, particular care is made of needle position-
ing during pleural entry in order to not transgress the
visceral pleural, thereby minimizing the risk of postproce-
dure pneumothorax.”' Following intervention, pleural fluid
is often presented for laboratory analysis and culture, and
postprocedure chest radiograph is performed to evaluate for
postprocedure complications.”'

Incidences of complications in the pediatric population
remain unclear but can be interpolated from the adult litera-
ture. Specifically, pneumothorax is the most commonly
encountered postprocedure complication following percuta-
neous needle access into the pleural space, with a reported
incidence of up to 6%.”"** Additionally, complications of
postprocedure hemorrhage and re-expansion pulmonary
edema following thoracentesis are also uncommon within
the adult population.”’

Pig-Tail Catheters and Chest Tubes

First documented by Hippocrates in the fifth century, tho-
racic drainage has been a mainstay for the treatment of
many pleural diseases, from empyema to hemopneumo-
thorax.””** Multiple technological advances surrounding
catheter equipment have been made over time. Specifically,
the size of the catheter equipment has evolved over time
and remains an important consideration during interven-
tions. Traditionally, catheters of sizes 14 French and smaller
can be considered “small bore,” while catheters larger than
14 French can be considered “large bore.””” Interestingly,
pig-tail catheters, as small as 5 French, have also been intro-
duced to market — offering safer, less invasive insertion,
which is particularly beneficial within the neonatal and
infant population.””””° Larger bore tubes sometimes
necessitate a surgical cutdown with blunt dissection and are
more often placed by surgeons.””

Predictably, catheter size selection is often closely related to
patient size and the indication for pleural catheter or tube
placement. For simple pleural effusions and chylous effusions,
pig-tail catheter insertion is effective and has a favorable safety
profile in children greater than 5 kg.”" For loculated pleural
effusions and empyema, larger bore catheters are frequently
used secondary to the viscosity of fluid attempting to be
removed. Large bore, surgically placed thoracostomy tubes
have been traditionally placed for this purpose in children.
However, as intrapleural fibrinolytic regimens become more
readily accepted, image-guided pig-tail drainage catheter
placement is a reasonable initial approach.’” "

Complication rates surrounding pleural-based catheter
placement is low, with pneumothorax and hemothorax rep-
resenting the majority of postprocedure complications.”’

Intrapleural Fibrinolysis

In dense collections such as complex effusions, or empy-
ema, adjunct intrapleural fibrinolytic therapy is often neces-
sary to ensure successful drainage. Historically, intrapleural
fibrinolysis has involved off-label drug use of pharmaco-
logic agents, which most commonly involved drugs such as
streptokinase, urokinase, deoxyribonuclease, or tissue plas-
minogen activator (tPA). 3941 The off-label use of tPA is cur-
rently the pharmacologic fibrinolytic agent of choice for
intrapleural fibrinolysis."* Despite the variation of reported
dosing regimens and techniques, the reproducibility and
efficacy of intrapleural fibrinolysis has been established in
the pediatric population.””**** Specifically, pediatric intra-
pleural fibrinolytic therapy remains a reasonable and effica-
cious treatment alternative to other invasive therapeutic
surgical treatment options and has been shown to duration
of shorten hospital stay.”* "

At our institution, intrapleural fibrinolysis is performed
via infusion of 4-6 mg of tPA mixed in 10-20 mL of normal
saline injected through pleural-based pig-tail catheter. In
smaller children and infants, 0.6 mg/kg is the preferred dos-
ing regimen of tPA, with a maximum tPA dose of 6 mg.*
However, it should be noted that minimal literature support



Treatment of Pediatric Thoracic Disease

exists for tPA dose limits for intrapleural use.”” Once the
dose of tPA has been selected, the tPA-saline mixture is
injected through the catheter, which is then locked in
place for 4-6 hours, allowing the tPA to dwell. Following
this, the chest tube is opened and placed to low-suction
or dependent gravity bag drainage. This protocol can
be repeated, as needed, dependent upon the clinical
scenario 37:39-43:45

Predictably, the complications surrounding intrapleural
use of tPA are predominately surrounding postprocedural
hemorrhage but occur with relative infrequency.”"** While
few if any absolute contraindications exist for the intrapleural
use of tPA, relative contraindications include risk of hemor-
rhage from recent trauma, surgery, other recent major bleed-
ing events, and persistent coagulopathy.**

The efficacy and overall safety profile for pediatric intra-
pleural fibrinolysis is likely to continue to improve, as
national and international societies continue to inform stan-
dardization and guidelines for clinicians.***’

Indwelling Tunneled Pleural Drainage
Catheters

Recurrent pleural effusions are a significant impediment to
the quality of life for many patients and most commonly
afflict children with metastatic cancer. These patients often
require repeat thoracenteses and incur the risks associated
with such repeat interventions, as described earlier. While
other more invasive and definitive treatment options exist
for recurrent pleural effusions, such as pleurodesis, the
overall safety profile and potential complications associated
with such interventions may not be acceptable for some
patients and their families.

Tunneled pleural drainage catheters are a reasonable palli-
ative treatment alternative for recurrent pleural effusions,
allowing ongoing pleural fluid removal from existing catheter
access, with evidence from the adult literature supporting the
efficacy and safety of use within the pediatric population.™
Although studies specific to the pediatric population are lim-
ited by small sample sizes, the limited data do suggest tun-
neled pleural drainage catheters can be placed safely and
allow for the more efficient management of refractory malig-
nant pleural effusions in children.”

Two frequently used pleural drainage catheters are the
Aspira system (Merit Medial, South Jordan, UT) and the
PleurX system (Becton, Dickenson (BD) and Company,
Franklin Lakes, NJ), which have both demonstrated safety
and efﬁcacy.3 ! While these large, cuffed, soft catheters are
frequently placed in adults, a pediatric-sized catheter equiv-
alent does not currently exist. Therefore, these tunneled
pleural drainage catheter systems must only be used in
selective and appropriately sized children. Although the
benefits of catheter placement usually outweigh the risks,
attention should be given to the potential complications,
which can include infection, malignancy tract seeding, cath-
eter obstruction, leakage from the insertion site, and
pneumothorax. ™’

Central Conducting
Lymphangiography and Thoracic
Duct Embolization

Image-guided thoracic duct embolization (TDE) is a mini-
mally invasive alternative to surgical thoracic duct ligation.
First performed by Dr Constantine Cope, the indications for
TDE fundamentally include the management of lymphatic
flow disorders.”” TDE is most commonly performed for chy-
lous leaks, which are typically classified as traumatic (sur-
gery) or atraumatic (idiopathic, malignancy, cardiogenic,
etc).”” Additionally, congenital central conducting lymphatic
disorders can also result in chylous leaks into the pleural
space.54 Furthermore, disorders such as plastic bronchitis,
common in patients with Fontan physiology,”””° are also
palliated by this procedure. TDE offers a safe treatment
option with a technically high success rate for a variety of eti-
ologies. TDE is attempted most often after patients are refrac-
tory to conservative therapies such as “medium chain
triglyceride” diets, TPN, somatostatin analogues, pleurodesis,
and percutaneous drainage.’””"

Fundamentally, lymphatic anatomy and drainage consists
of a dendritic pattern of small lymphatic tributaries into a
larger, dominant, and more centralized lymphatic system.
There are generally 2 major lymphatic drainage pathways in
humans. Specifically, the right side of the head, neck, upper
extremity, and chest, including the lung and heart, all drain
into the right lymphatic duct. The right lymphatic duct ulti-
mately drains into the venous system at the confluence of the
right internal jugular and right subclavian veins. The remain-
ing lymphatic drainage of the body drains directly into the
thoracic duct, located within the left chest or through the
cysterna chyli (lymphatic drainage of the abdomen and lower
extremities) and ultimately into the thoracic duct. Interest-
ingly, the ostial insertion of the thoracic duct at the left inter-
nal and jugular venous confluence consists of 2 valves that
prevent reflux of blood into the lymphatic system. The entire
lymphatic system is tasked with the transit of 1-2 L of lym-
phatic fluid a day, the majority of which is of hepatic and
intestinal origin.”

Nuclear scintigraphy was the historic mainstay of lym-
phatic imaging. Traditionally performed under moderate
sedation and local anesthesia, Methylene blue dye (2.5% Pat-
ent Blue V Dye; Guerbet Laboratories, Aulnay-sous-Bois,
France) was infiltrated within the web spaces along the dorsal
aspect of the feet for surgical localization. Once lymphatic
drainage was visualized through staining, fine needle access
into the lymphatic drainage system was gained through sur-
gical approach, where lipiodol or ethiodol was injected into
the lymphatic drainage system, thereby causing lymphatic
opacification during intermittent fluoroscopic exposures.
This described method was utilized for diagnostic evaluation
of the lymphatic system, assisting in the identification of chy-
lous leaks, fistulae and was also utilized for surgical planning.
Modified protocols of fluoroscopic lymphangiography have
been well described in the literature, including ultrasound-
guided injection of the inguinal lymph nodes with lipiodol, a
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Figure 3 Diagnostic MR lymphangiogram in a 2-year-old with plastic
bronchitis, extensive central chronic venous occlusion, and congen-
ital pulmonary disease shows extravasation of gadolinium in the air-
ways (arrows).

technique which expedites diagnostic lymphatic opacifica-
tion, and offers a simpler target (access of inguinal lymph
nodes over pedal lymphatics in children).®'"

More recently, magnetic resonance (MR) lymphangiogra-
phy (Fig. 3) has gained rapid adoption as a problem-solving
diagnostic tool for lymphatic flow disorders in children.
While traditional lipiodol-based lymphangiography occa-
sionally provides an additional therapeutic edge to a diagnos-
tic evaluation for certain lymphatic disorders, such as
chylothorax, the use of gadolinium-based contrast for MR
lymphangiography has only demonstrated diagnostic capa-
bilities.”***°° Although a thorough discussion of the recom-
mended techniques for MR lymphangiography has been
previously described and is beyond the scope of this manu-
script, MR lymphangiography has the capacity to provide
highly sensitive, time resolved opacification of the lymphatic
system that can accurately characterize a number of lym-
phatic anomalies and injuries.”” Importantly, MR lymphangi-
ography has become one of the primary diagnostic tools used
in the diagnosis of congenital complex lymphatic disorders,
such as generalized lymphatic anomaly, central-conducting
lymphatic disorders, and kaposiform lymphangiomatosis.’”

Following the identification of abnormal lymphatic flow or
injury, TDE is an ideal therapeutic intervention, after more
conservative treatment options have been exhausted. While
numerous approaches for TDE exist, the most common
approach includes percutaneous, transabdominal access into
the cysterna chyli through a small gauge needle, such as a
22-gauge access needle, under fluoroscopic guidance follow-
ing lipiodol-based lymphangiography. Once the cysterna
chyli, classically located immediately anterior to the vertebral
bodies at the L1 or L2 levels,”>“ or another large lymphatic
vessel is cannulated, attempts are made to gain microwire

access into the lymphatic system and subsequently into the
thoracic duct. After microwire access is achieved, catheter
access into the system is attained, and contrast diagnostic
lymphangiography can be performed. If clinically indicated,
TDE can be executed through a microcatheter system placed
coaxially through the access catheter. Embolotherapy can
then be performed using a variety of embolics, which include
both n-Butyl cyanoacrylate glue and/or embolization coils.
More exhaustive discussions of TDE and further procedural
details and options, including retrograde TDE embolization
(Fig. 4), exist throughout the literature and are beyond the
scope of this manuscript.”” "'

The literature supporting pediatric TDE in the pediatric
population is scarce and comprised mostly of case reports.
One of the largest pediatric-only case series to date of central
lymphangiography and intervention, consists of 11 pediatric
patients undergoing 12 lymphangiographic interventions for
chylothorax, chylous ascites, and chylopericardium, resulting
in clinical success of 7 of the 11 children (64%) and only
3 minor complications.””"” A larger meta-analysis in the
adult population evaluated 409 patients with chylothorax
who underwent central lymphangiography and thoracic duct
intervention, demonstrated pooled technical success rates of
lymphangiography and TDE of 94.2% and 63.1%, respec-
tively. Pooled data evaluating clinical success rates of lymph-
angiography, TDE, and thoracic duct disruption demonstrate
rates of 56.6%, 79.4%, and 60.8%, respectively. Major com-
plication rates were effectively low, with lymphangiographic
and TDE reported complication rates of 1.9% and 2.4%,
respectively.”” Although pediatric percutaneous interven-
tions for central lymphatic disorders are still early in develop-
ment, the limited literature supports them to be considered
effective and safe.

Pulmonary Arteriovenous
Malformations

Pulmonary arteriovenous malformations (PAVMs), first
described by Churton in 1897 following an autopsy,”” are
abnormal vascular connections between pulmonary arteries
and pulmonary veins without a normal intervening capillary
bed.®"" Although the overall prevalence of PAVMs is quite
rare, the vast majority of PAVMs are associated with Hemor-
rhagic Hereditary Telangiectasias and are often diagnosed
within the first 3 decades of life.””"” While many PAVMs are
asymptomatic and sometimes incidentally discovered, the
potential sequela of untreated PAVMs, including stroke, can
cause significant morbidity and mortality. Importantly,
patients with PAVMs in the setting of Hemorrhagic Hereditary
Telangiectasias require genetic testing and extensive additional
diagnostic work-up (including CNS imaging) that should be
done at a multi-disciplinary referral center with experience
diagnosing, working-up, and treating these patients.
Symptomatic PAVMs can vary widely, but clinical presen-
tations of PAVMs can often be attributed to 3 fundamental
physiologic processes, which include right-to-left shunting,
abnormal vascularity leading to compromised vessel
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Figure 4 (a,b) Retrograde access into the thoracic duct was obtained in a 7-year-old patient with congenital cardiac
disease, status post Fontan, with plastic bronchitis. The patient had undergone prior thoracic duct embolization pre-
cluding conventional antegrade, transabdominal route. A 4-French angled catheter was used to access the ostium of
the thoracic duct (a). Using a 1.7F microcatheter and 0.014 microwire, caudal access into the thoracic duct was

obtained. Embolization was performed with coils and glue (b).

integrity, and loss of the normal lung filtration process. Spe-
cifically, hypoxemia, cyanosis, platypnea, and congestive
heart failure can often be attributed to the right-to-left shunt-
ing, while hemothorax and hemoptysis can be attributed to
abnormal vessel integrity. Lastly, paradoxical emboli, stroke,
and intracranial abscesses are caused by the loss of the nor-
mal lung filtration process.””"” Additionally, the severity of
symptoms is often related to the size of right-to-left shunting
or the number of PAVMs.

Many clinical tools exist for the diagnostic evaluation of
PAVMs. Contrast echocardiography is an excellent screening
tool for those patients suspected of having right-to-left
shunts, with the sensitivity of detecting a right-to-left shunt
approaching 100%.""" Beyond screening, CT Angiography
(CTA) is the most-common diagnostic modality for noninva-
sive evaluation of PAVMs."""#% Magnetic Resonance Imag-
ing (MRI) is an alternative, less sensitive, diagnostic option
for patients trying to minimize radiation exposure or who
have iodinated contrast allergies.”’

Despite the improvement in noninvasive diagnostic options,
pulmonary angiography remains the gold standard for both
pre- and post-treatment imaging, as it provides the most accu-
rate assessment of vessel architecture, as well as establishes an
avenue for potential therapeutic interventions.””"®

The decision to treat PAVMs, especially in the pediatric
setting, can be nuanced. However, most agree that interven-
tion is warranted for symptomatic patients and in cases
where the feeding artery is greater than 2-3 mm.”""" Addi-
tionally, the decision to intervene is influenced by the mor-
phology and classification of the PAVM. Specifically, PAVMs
can defined as simple or complex, with simple PAVMs

having a single feeding artery and draining vein and complex
PAVMs containing 2 or more feeding arteries and/or draining
veins.” "% Importantly, the decision to intervene should
be made in conjunction with a multidisciplinary team.”
Percutaneous, endovascular embolization (Fig. 5) remains
the mainstay of treatment for PAVMs,”""%" with an overall
technical success rate of greater than 95%."" In addition to
executing the procedure safely, technical considerations
regarding complete embolization of all feeding arteries, maxi-
mal preservation of normal lung parenchyma, and appropri-
ate embolic device selection should be implored.””"* In
regards to embolic device selection, multiple studies have
demonstrated technical success achievement with both plugs
and coils.”” %! Importantly, detachable coils and plugs
should be used in order to limit the risk of nontarget emboli-
zation. Within the pediatric population, both coil and plug
embolization has been executed successfully.”” Institutional
protocols in the literature include percutaneous embolization
for feeding arteries measuring 2 mm or more, in addition to
high-grade diagnostic contrast echocardiogram.” Liquid
embolics and particles should not be used to embolize
PAVMs given the inherent presence of PAVM right-to-left
shunting imminent risk of stroke and other complications
from non-target systemic arterial embolization.”*"***
Postintervention care and continued clinical follow-up is
necessity following PAVM embolization. Immediately post-
procedure care includes managing self-limiting pleuritic
chest pain, which can be seen within the first 2 days of the
procedure in up to 15%-31% of patients.” Additionally,
recanalization and/or collateralization can be seen in 5%-
19% of patients following PAVM embolization.”” Therefore,
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Figure 5 (a-c) Left pulmonary angiography (a) in a 9-year-old patient with hereditary hemorrhagic telangiectasia, hyp-
oxia, and history of stroke shows a peripheral pulmonary AVM (black arrow). A long 6-French sheath was used to sta-
bilize the system in the left pulmonary artery. A 4-French angled catheter and 0.035 wire obtained distal access
directly proximal to the pulmonary AVM (b). Angiography (b) shows early venous drainage (black arrows). Section ¢
shows the postembolization angiogram following deployment of a detachable 0.035 Retracta (Cook Medical, Bloo-
mington, IN) with successful embolization of the AVM.

it is necessary that continued clinical screening and interval consistent data on imaging follow-up intervals, a follow-up
diagnostic imaging be used in order to evaluate for persistent CTA in 6-12 months and then every 3-5 years thereafter has
PAVMs and development of new PAVMs. While there is no been suggested.” "
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Massive hemoptysis is a life-threatening event, which has
controversial definitions, but quantitatively is characterized
as more than 300 mL of blood in a 24-hour period in an
adult,”" or more than 8 mI/kg of blood in a 24-hour period
in a child.”""° Additionally, massive hemoptysis can also be
defined as hemoptysis causing significant cardiovascular
instability or respiratory compromise, which includes hypo-
tension as represented by systolic blood pressures of less
than 90 mmHg in adults,”* or age-height-gender adjusted
hypotension in the pediatric setting of systolic blood pres-
sures falling below the fifth percentile or 2 standard devia-
tions below the mean,””* as well as oxygen saturation levels
(SpOy) less than 60%. Moreover, the morbidity and mortal-
ity of massive hemoptysis is often not related to an exsangui-
nation event, but rather an asphyxiation event,”
necessitating the need for prompt recognition and early inter-
vention.”® In cystic fibrosis patients prone to hemoptysis,
commonly with multidrug resistant sputum and severe lung
disease, studies support bronchial artery embolization (BAE)
to be a relatively safe and effective method to treat acute
hemoptysis.”*"

Beyond recognizing and categorizing hemoptysis events,
uncovering the etiology of hemoptysis is critical to the con-
tinued clinical management of patients. While the list of
potential hemoptysis causing etiologies is vast, the most com-
mon etiology in the United States in children is sequela cystic
fibrosis, with infectious or postinfectious etiologies, such as
active tuberculosis or aspergillomas, being less common.”
While uncovering the etiology of hemoptysis is important,
diagnostic investigation should not impede rapid clinical
evaluation and management of patients with hemoptysis,
especially in the setting of massive hemoptysis.

Initial clinical management of patients with massive
hemoptysis includes active resuscitation and airway manage-
ment.”” In scenarios of persistent clinical deterioration
despite resuscitative measures and airway support, immedi-
ate intervention may be required in lieu of initial diagnostic
evaluation. However, in controlled clinical scenarios, diag-
nostic imaging evaluation is often utilized. While no formal
imaging paradigm has been suggested for hemoptysis, the
American College of Radiology Appropriateness Criteria has
suggested chest radiography as the most appropriate initial
imaging modality of choice, followed by CTA of chest.”’
However, when evaluating the overall diagnostic accuracy of
radiologic imaging in localization or etiology identification of
hemoptysis, chest radiography has only been reported as
high as 50%,”" whereas CTA of the chest has been reported
as high as 92%.”" In many institutions, bronchoscopy is
often a first-line resource for diagnostic evaluation, but the
diagnostic accuracy of bronchoscopy in isolation is reported
to be less than 50%.°” However, when bronchoscopy is
used in conjunction with CTA of the thorax, the diagnostic
accuracy for pulmonary hemorrhage has been reported to be
as high as 93%.%>"” Lastly, when possible, laboratory spu-
tum analysis should be performed for evaluation of underly-
ing infections processes and/or malignancy.®

Following diagnostic evaluation, a targeted intervention
should be performed for cessation of hemoptysis. While sur-
gical approaches for hemoptysis were the primary interven-
tions prior to 1970, BAE for hemoptysis, first described by
Remy et al in 1974, is now commonly performed.”* >’
However, understanding bronchial vessel anatomy and
embolic agent selection are 2 major technical factors that
must be considered prior to BAE, in order to ensure a safe,
effective, and durable intervention.

Although bronchial artery anatomy is widely variable, the
bronchial arteries most commonly arise between the T5 and
T6 levels of the descending thoracic aorta, with the right
bronchial artery arising from a common intercostobronchial
trunk and 2 left bronchial arteries arising directly from the
aorta.”® These bronchial arteries can often be seen on prepro-
cedure imaging or during the endovascular intervention via
an aortogram. However, nonbronchial systemic arteries can
also supply abnormalities within the lung and can be a
source of hemoptysis recurrence if not appropriately identi-
fied. "% Specifically, in children with cystic fibrosis, bron-
chial artery anatomy can be widely variable and change over
time in children that have had prior BAEs. Thus, whenever it
is clinically feasible, the authors recommend a CTA for ana-
tomical delineation of the bronchial arteries in all patients
prior to BAE.

Embolic agent selection is a major technical consideration
during BAE. Particles are the embolic agent of choice at
many institutions given their accessibility, effectiveness, and
ability to ensure repeat arterial access for future interven-
tions.” % Overall, particle size selection should be above
325 pm to avoid embolization through known broncho-pul-
monary anastomoses, which can lead to inadvertent systemic
arterial embolization causing stroke.”” Traditionally, gelatin
sponge and 350-500 wm polyvinyl alcohol were utilized.
However, there is increasing use of tris-acyl microspheres,
which have more uniform diameter and are less likely to
clump compared to polyvinyl alcohol and gelatin®* " At the
authors’ institution, 500-700 pm tris-acyl microspheres are
the preferred embolic agent when performing BAE.

Overall, immediate hemoptysis cessation clinical success
of 73%-99% has been reported following BAE.”"® However,
overall recurrence rates of 10%-57.5% have been reported,
with the median time of recurrence between 6 months and 1
year.”"% Therefore, treating the underlying etiology of
hemoptysis and close clinical surveillance are necessary. In
fact, in children with cystic fibrosis, recurrence is expected.

Following the procedure, the most commonly reported
complication is chest pain and dysphagia,”*“ as branches of
the bronchial arteries provide blood supply to a variety of
organs including the esophagus and many pleural surfaces.
However, the most feared complication is inadvertent embo-
lization of an anterior spinal artery, causing spinal cord ische-
mia and transverse myelitis. The reported prevalence of
spinal cord ischemia following BAE is 0.6%-6.5%, which can
be minimized by more distal embolization within the bron-
chial arteries, recognition of blood vessels coursing medially
toward the spine, and recognizing anterior spinal arteries
demonstrating the classic “hairpin” configuration.”*
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Conclusion

As with all cutting-edge pediatric specialties, such as pediatric
interventional radiology, understanding the historical origin
and efficacy of therapy in adults informs contemporary prac-
tice in children. While safety and efficacy data are limited for
many minimally invasive treatment options for thoracic dis-
eases in children, the overall transition to minimally invasive
techniques is informed by interpolated adult data, expert expe-
rience, and analysis of metadata. A thorough understanding of
contraindications, and complication management should
inform decision making, as more minimally invasive therapeu-
tic options emerge for thoracic diseases in pediatric patients
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