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Abstract

Purpose of Review Lymphatic disorders have received an increasing amount of attention over the last decade. Sparked primarily
by improved imaging modalities and the dawn of lymphatic interventions, understanding, diagnostics, and treatment of lym-
phatic complications have undergone considerable improvements. Thus, the current review aims to summarize understanding,
diagnostics, and treatment of lymphatic complications in individuals with congenital heart disease.

Recent Findings The altered hemodynamics of individuals with congenital heart disease has been found to profoundly affect
morphology and function of the lymphatic system, rendering this population especially prone to the development of lymphatic
complications such as chylous and serous effusions, protein-losing enteropathy and plastic bronchitis.

Summary Although improved, a full understanding of the pathophysiology and targeted treatment for lymphatic compli-
cations is still wanting. Future research into pharmacological improvement of lymphatic function and continued imple-
mentation of lymphatic imaging and interventions may improve knowledge, treatment options, and outcome for affected
individuals.

Keywords Lymphatic complications - Congenital heart disease - Chylothorax - Prolonged effusion - Protein-losing enteropathy -

Plastic bronchitis

Introduction

The lymphatic vasculature is widely distributed throughout
the entire body. In health, it functions as a unidirectional drain-
age and transport system originating in the interstitial space
and terminating with the return of the lymphatic fluid back
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into the great veins of the neck or thorax. The initial lymphatic
capillaries are composed of a single layer of lymphatic endo-
thelial cells with interstitially anchored filaments preventing
collapse. For initial uptake and transport, the fluid is depen-
dent on favorable pressure gradients to reach the pre-
collecting and collecting lymphatic vessels. From here, an
increasing concentration of smooth muscle cells
intertwiningly weaved around the lymphatic vessel contract
in order to propel the fluid forward [1-3]. The initiation of
contractions and maintenance of an adequate frequency is
complexly regulated. Similar to the heart and intestines, pace-
maker cells have been proposed to secure contractions and
continuous movement, with ion channels required for depo-
larization [3—6]. Additionally, both increased tension in the
vessel wall and adrenergic innervation have been shown to
increase contraction frequency, enabling an estimated tenfold
increase in fluid removal if needed [7-9]. Lymphatic valves
divide the collecting lymphatic vessels into functional semi-
independent segments, lymphangions, with contractile prop-
erties comparable with those of heart ventricles. Daily, as dic-
tated by the Starling principle, an estimated 8 L of fluid is
filtered out from the blood circulation and into the interstitial
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space [10]. Traditionally, venous reabsorption was thought to
reduce this volume; however, a revision of the Starling prin-
ciple proposes filtration at steady state to be largely unidirec-
tional, with removal of interstitial fluid being conducted ex-
clusively by the lymphatic system. Additionally, an endothe-
lial lining composed of glycosaminoglycans and proteogly-
cans, the glycocalyx is heavily involved in the permeability
of the vessels and regulation of the filtration [10] (Fig. 1).
Thus, increased filtration and/or insufficient lymphatic remov-
al may result in interstitial accumulation of lymphatic fluid in
the form of tissue edema or effusions if the fluid transudate
into nearby cavities. Besides fluid and protein homeostasis,
the lymphatic system is heavily involved in both immune
surveillance and uptake of lipids in the intestines [9]. Thus,
the composition of most lymphatic fluid reflects these primary
functions, with the concentration of lymphocytes, various pro-
teins, and lipids being high [11].

Due to the structural and functional heterogeneity of con-
genital heart disease (CHD), incidence and prevalence of lym-
phatic complications are immensely varying within subtypes
of malformations. Being often referred to as the forgotten
circulation, the etiology behind the development of lymphatic
complications remains poorly understood. Generally, the in-
cidence of effusions and other lymphatic complications tend
to increase with increasing venous congestion and more se-
vere congenital heart malformations. Accordingly, individuals
with tetralogy of Fallot and univentricular heart disease are
excessively overrepresented with regards to lymphatic com-
plications in CHD. Sparked primarily by improved lymphatic
imaging modalities and the dawn of the field of lymphatic
interventions, understanding, diagnostics, and treatment of
lymphatic complications have undergone considerable im-
provements over the last decade. Thus, the current review
aims to summarize understanding, diagnostics, and treatment
of lymphatic complications in individuals with CHD.

Lymphatic Complications

In CHD, hemodynamic changes arising from structural abnor-
malities or their correction may result in increased hydrostatic
pressure in parts of the circulation. In the capillary beds, this
causes increased filtration of fluid to the interstitial space in-
creasing the necessity for lymphatic removal. Additionally,
the increased central venous pressure (CVP) commonly found
in some subgroups impedes the emptying of the thoracic duct,
adding additional congestion to the already pressured lym-
phatic system. Consequently, many individuals with congen-
ital heart defects are especially prone to the development of
lymphatic complications (Fig. 1). Thus, effusions or
chylothorax may develop following the prompt increase in
hydrostatic pressure or following an unintended perforation
of the thoracic duct or its tributaries during surgery [11, 12].
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Protein-losing enteropathy (PLE) and plastic bronchitis (PB)
typically develop postoperatively or gradually over time, with
the mechanism thought to be a combination of hemodynamic
changes resulting in increased CVP, lymphatic congestion,
and a lymphatic morphology prone to leakage and develop-
ment of complications [13]. Similarly, peripheral edema de-
velops when the extravasation of fluid, dictated by changes in
hydrostatic or oncotic pressure or altered permeability of the
endothelial glycocalyx, exceeds lymphatic removal [10].
Although complications may present in individuals with less
complex congenital heart defects and with increased incidence
and prevalence alongside genetic syndromes such as Downs,
Noonan, and Turner syndrome [14—16], the main perspective
of the following will be individuals with tetralogy of Fallot
and univentricular heart defects.

Lymphatic Effusion and Chylothorax

Prolonged pericardial or pleural effusions and chylothorax and
chylopericardium may all, given the origin of the fluid, be con-
sidered as lymphatic complications. Prolonged effusions are
most commonly observed following surgical repair of either
tetralogy of Fallot or univentricular heart disease [17].
Depending on the hydrostatic and oncotic pressure gradient
and the permeability of the endothelial glycocalyx, serous fluid
is filtered from the capillary bed and out into the interstitial space
of both the pleural and lung parenchyma. Under normal condi-
tions, fluid flows from the parietal pleura, through the pleural
space, to be absorbed by the lymphatic capillaries in the visceral
pleura. Similarly, the lymphatic capillaries of the lung take up
fluid from the interstitial space of the lung [18, 19]. Changes
altering the hydrostatic pressure in the interstitial compartments
may cause fluid to stagnate or transude into and accumulate in
the low-pressure environment of the pleural space.

Prolonged effusions are reported in between 7.3 and 13.5%
of operated tetralogy of Fallot patients and may be viewed as a
disruption of the fluid equilibrium [20, 21]. The mechanism
behind is likely multifactorial and a combination of changed
physiology and the trauma of the operation. Following sur-
gery, some patients develop low cardiac output syndrome
with constrictive right ventricle physiology. Although it has
been found to be beneficial in the long term and protective
against the consequences of pulmonary regurgitation, the re-
strictive right ventricle physiology is associated with in-
creased right atrial pressure, which along with increased
CVP is a risk factor for prolonged lymphatic effusions in the
postoperative period [22-25]. Also, the relief of the right ven-
tricular outflow obstruction during operation instantly in-
creases pulmonary blood flow, capillary hydrostatic pressure,
and the filtration gradient towards the interstittum. The in-
creased pressure causes fluid to transudate from the lung in-
terstitium through the parietal pleura and accumulate in the
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pleural space [17, 19]. Being a temporary disruption, over
time, the microcirculation may adapt to the changes and reach
a new equilibrium with effusions spontaneously resolving.

Similarly, during the creation of a bidirectional
cavopulmonary connection or total cavopulmonary connec-
tion, the blood flow and the hydrostatic pressure in the pul-
monary capillary beds tend to increase, augmenting filtration
and risk of effusions, the incidence following correction being
12.6% and 37%, respectively [26]. In the postoperative inten-
sive care unit, effusions may contribute to respiratory insuffi-
ciency and increased dependency on mechanical ventilation
[11, 27]. In the Fontan circulation, pulmonary blood flow is
exquisitely sensitive to changes in intrathoracic pressure. The
absence of negative inspiratory pressure during prolonged
ventilation may not only reduce pulmonary blood flow and
cardiac output but also add to the congestion of the venous
system, increasing volume of effusions and impeding empty-
ing of the thoracic duct [28, 29]. Moreover, the lymphatic
vessels in these patients are thought to be morphologically
and functionally changed, further increasing the tendency to
develop eftusions [17, 30, 31]. Overall, when ventilating pa-
tients experiencing effusions and lymphatic complications,
more conservative ventilator settings should be considered,
or preferably early extubation when possible.

Chylothorax and chylopericardium are other postoperative
lymphatic complications. They are common following trau-
matic perforation of the thoracic duct or its tributaries during
surgery, with leakage accumulating postoperatively.
However, it is also observed more sporadically years after
surgery. Here, the proposed mechanism is a combination of
increased intralymphatic pressure due to increased uptake and
impeded return and structural weakness in the lymphatic ves-
sels. Perforation of the endothelial weakness provides a way
of decompression for the congested lymphatic system and
reroutes fluid into compartments of lower pressure.

Chylothorax occurs with an incidence of 7.4% and 9-24%
following surgical repair of tetralogy of Fallot and “surgical
palliation” of single ventricles, respectively [21, 32, 33].
Chylothorax has been associated with poorer medium-term
outcome and has been speculated to be a sign of lymphatic
intolerance to the changed physiology [32]. In addition to
congenital heart defects, individuals with Noonan syndrome,
Down syndrome, and Turner syndrome also all have increased
risk of postoperative chylothorax, with one proposed explana-
tion being abnormal development of lymphatic collaterals,
lymphangiectasia. [16, 34-36]

The clinical manifestations of effusions and chylothorax may
progress from asymptomatic to the experience of dyspnea,
coughing, and chest discomfort with gradually increasing
amounts of accumulating fluid [37, 38]. Persisting loss of chyle
may result in several deficiencies related to the protein and lipid-
rich content of the fluid, and thus, treatment should bear in mind
the continuous loss of calories, electrolytes, and volume [38].

Following symptoms, effusions or chylothorax are normal-
ly diagnosed with the finding of fluid during ultrasonography
or radiographic examination. Commonly, measurement of tri-
glycerides has been used to categorize the fluid as chyle
leaking from the lymphatic system. However, as argued
above, also fluid filtered out in the lung and transuded into
the pleural space may be considered lymphatic fluid. Thus, the
content of triglycerides and ratio of triglycerides or cholesterol
in pleural fluid compared with serum should, to a greater
extent, be viewed as a way of determining the origin of the
lymphatic fluid. Thus, triglycerides above the threshold of
110 mg/dl indicate intestinal origin of the lymphatic fluid,
confining the leakage to the thoracic duct or its main tribu-
taries. Similarly, low levels of triglycerides indicate an origin
of the lymphatic fluid, before the mixing with the lipid-rich
fluid flowing in the central thoracic duct [38—40]. Information
as to the state of the lymphatic system and the site of lymphat-
ic leakage may be gathered by lymphangiography or
lymphoscintigraphy. [41] More recently, magnetic resonance
imaging has been applied to visualize the central lymphatic
architecture using heavily T2-weighted images. Images may
be conducted with or without intranodal or intradermal injec-
tion of an oil-based contrast agent. [42, 43] Video-assisted
thoracoscopic surgery may also be utilized for direct visuali-
zation of the leakage point in chylothorax [37]. In patients
with CHD, search for hemodynamic significant stenosis or
thrombosis should also be conducted as part of a simultaneous
hemodynamic evaluation [13].

While prolonged effusions may resolve following a new
steady state between filtration and lymphatic removal, the
volume of accumulated fluid may deem treatment necessary.
Treatment of effusions and chylothorax evolves around two
primary goals: short-term relief of respiratory symptoms by
drainage of fluid and long-term prevention of recurrence by
treating the underlying cause.

Thoracocentesis and placement of a chest tube will secure
immediate relief of respiratory symptoms and maintain con-
tinuous drainage. Nonsurgical conservative options for
chylothorax include a no-fat diet in order to reduce production
of chyle. Medium-chain triglycerides may be added, as these
are absorbed directly into the portal vein, bypassing the lym-
phatic system [37, 44, 45]. Alternatively, conservative treat-
ment may persist of complete enteric rest combined with total
parenteral nutrition [46].

In patients unresponsive to conservative nutritional thera-
py, pharmacological agents such as somatostatin or the syn-
thetic analog octreotide have been reported efficient in treat-
ment [46, 47]. The pathway of function is speculative, with a
reduction in both splanchnic blood flow and gastrointestinal
secretion, an antagonistic effect on lymphatic vessel function,
and reduced uptake of triglycerides being proposed as possi-
ble mechanisms [46, 47]. Other treatment options include ni-
tric oxide, etilenephrine, corticosteroids, propranolol, and

@ Springer



164 Page4of13

Curr Cardiol Rep (2020) 22: 164

Fontan

Normal

Artery Vein Artery Vein
Capillary hydrostratic pressure Pc

=

Filtration to the interstitial space
Net forces opposing P¢ in glycocalyx model

Capillary hydrostratic pressure Pg

25\

Filtration to the interstitial space
Net forces opposing Pc - addapted glycocalyx
Net forces opposing P - compromised glycocalyx

Pressure (mmHg)
Pressure (mmHg)

o
o

Fontan

Normal

Normal Fontan

T
ks
&

”
oo 7 "'.‘:,‘
47,9 \=
VOIS,

§

ARl

high positive-end expiratory pressure ventilation [48—52].
However, evidence supporting the efficacy of these treatments
remains sparse. Additionally, in both groups, fluid restriction,
diuretics, and/or treatment with pulmonary vasodilators may
aid in optimizing hemo and lymphodynamics of the
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circulation and decrease lymphatic production in addition to
decreasing thoracic duct afterload. Non-operative manage-
ment of chylothorax in children is reported successful in >
80% of cases, including patients with chylothorax following
cardiothoracic surgery [37].
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<« Fig. 1 Center: overview of the systemic and pulmonary circulation and
the lymphatic system. Lymphatic flow is unidirectional from the capillary
bed to the subclavian vein and driven by contractions of the lymphatic
vessels. In the Fontan circulation, the subpulmonary ventricle is
bypassed, increasing central venous pressure and thoracic duct
afterload. The thoracic duct is dilated and tortuous with multiple
collaterals. Left top: Capillary filtration in a normal circulation and a
Fontan circulation. Under steady state, the revised Starling dictates
extravascular filtration throughout the capillary bed. The hemodynamic
changes of the Fontan circulation increase filtration (area between lines).
The filtration-regulating function of the glycocalyx may adapt to
hydrostatic changes and minimize filtration or be compromised
resulting in increased filtration. Left bottom: the anatomical course of
the thoracic duct. Increased central venous pressure may compromise
emptying back into the blood circulation and cause changes to the
lymphatic vessels. Normal: a collecting lymphatic vessel with valves
securing unidirectional flow during contractions. Fontan: a lymphatic
vessel with dilated lymphangions reducing the efficiency of
contractions and causing insufficient valves. Right top: duodenum and
draining lymphatic vessels. Normal: duodenal villi with blood vessels and
lymphatic vessels. Fontan: edematous and inflamed intestinal wall.
Multiple dilated lymphatic collaterals. Lymphatic vessels may perforate
into lumen leaking lymphatic fluid into the intestines causing protein-
losing enteropathy. Right bottom: airways and lungs including draining
lymphatic vessels. Normal: small airways and alveoli with blood and
lymphatic vessels. Fontan: increased extravascular filtration. Dilated
and multiple lymphatic collaterals. Leakage below to pleural cavity and
leakage into airways resulting in cast production and plastic bronchitis in
the case of inflammation. Illustrations courtesy of Ken Kragsfeldt, Aarhus
University

Traditionally, surgical treatment of chylous leakage has
been reliant on thoracic duct ligation or pleurodesis performed
via either video-assisted thoracoscopy or open thoracotomy,
with pleuroperitoneal shunting reserved for the most
persisting cases [37, 53-55]. Similarly, persistent and substan-
tial effusions may also be treated with pleurodesis or shunting
[17]. Ideally, prior to/or during surgery the leakage site is
located using lymphatic imaging or injection of dye in the
lymphatic system intraoperatively. More recently, both
transvenous and percutaneous fluoroscopy-guided emboliza-
tion of the thoracic duct have been described, with dynamic
contrast-enhanced lymphatic imaging securing both precision
of the intervention and appropriate patient selection [56—58].

Protein-Losing Enteropathy

PLE is characterized by an abnormal and occasionally pro-
found intestinal loss of lymphatic fluid and protein. In addition
to CHD, PLE may be observed secondarily to several other
diseases ranging from congestive heart failure to infection and
inflammatory bowel disease. In CHD, incidence of PLE has
been reported as affecting from 4 to 15% of individuals fol-
lowing Fontan palliation [59-61].

The pathophysiology behind the development of PLE is
incompletely characterized and with a variety of factors

contributing, although the combination and impact of each
may vary between cases. Under normal circumstances, the
liver and intestines are responsible for the production of 25—
50% of the lymphatic fluid flowing in the thoracic duct [62].
In individuals with PLE, lymphangiectasis and dilated lym-
phatic vessels are common adaptations found in the vessels in
the wall of the intestinal tract [31, 63]. An altered lymphatic
architecture with vessels adjacent to the intestinal lumen com-
bined with lymphatic congestion and flow obstruction may, in
case of increased lymphatic permeability or vessel rupture,
result in retrograde lymphatic flow, with protein-rich lymphat-
ic fluid spilling out into the low-pressure environment of the
intestines or abdominal cavity (Figs. 1 and 2) [64—66]. Thus,
individual variability of the lymphatic architecture may leave
some Fontan patients more susceptible to complications and
explain why not all congenital heart defects with increased
CVP develop lymphatic complications [13].

Other potential mechanisms thought to be involved in the
development of PLE in CHD include diminished mesenteric
blood flow causing cellular apoptosis and increased perme-
ability of the intestinal wall [67]. Additionally, the low cardiac
output state of the Fontan circulation promotes a pro-
inflammatory state with increased levels of TNF-« and other
inflammatory cytokines which influences the intestinal epithe-
lial barrier [68, 69]. Heparan sulfate and heparan sulfate pro-
teoglycans are both, among other things, involved in the main-
tenance of endothelial barriers, with heparan sulfate being the
most abundant component of the endothelial glycocalyx [70].
The depletion of these glycosaminoglycans from the
basolateral surface of cells has been shown to result in fluid
and protein leakage [71, 72]. Interestingly, both IFN-y and
TNF-« affect these molecules, and an increase of these in-
flammatory mediators may induce heparan sulfate loss and a

Fig. 2 Non-contrast MR lymphography of adult Fontan patient suffering
from protein-losing enteropathy. Dilated and tortuous thoracic duct
marked by arrowhead. Substantial amounts of abdominal fluid around
liver and spleen marked by arrows
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downregulation of heparan sulfate proteoglycan expression
tipping the scale and inducing leakage, explaining why the
development of PLE often is preceded by a period of infection
or inflammation [72, 73].

While PLE often manifests when the protein leakage is
substantial and resulting in severe morbidity, it may also exist
in a subclinical version. In addition, the loss of protein may be
transient with alternating asymptomatic and affected periods.
Symptomatic progression of PLE is related to the loss of pro-
tein and range from the development of chronic diffuse edema
to diminished tissue integrity and impaired wound healing
[74]. Impaired synthesis of clotting factors and anti-thrombin
may disturb the coagulation cascade, increasing the thrombo-
embolic risk and adding to the already considerable risk of the
Fontan circulation. Calcium transport is largely dependent on
albumin, and thus, patients with PLE are prone to low bone
mineral density secondary to hypocalcemia in addition to im-
paired growth [74, 75]. In addition to protein and lipids, the
lymphatic fluid contains both lymphocytes and immunoglob-
ulins, a persisting loss may result in lymphopenia and im-
paired immunity [76].

Measurement of an elevated -1 antitrypsin clearance in a
24-h stool collection is the golden standard for diagnosis of
PLE [77]. However, elevation in a single stool sample com-
bined with serum hypoalbuminemia and edema without other
identified cause may also be considered diagnostic.
Subclinical PLE may be suspected with repeated measure-
ments of slowly declining albumin concentrations. In addition
to a general laboratory work-up, both cardiac imaging and
cardiac catheterization may be performed for hemodynamic
evaluation and a non-contrast MR-lymphangiography to char-
acterize the lymphatic vasculature [13].

The efficacy of pharmacological treatment of PLE is large-
ly case-based, and the lack of randomized controlled trials is
universal. Primary treatment aims at decreasing fluid overload
through diuretic therapy and preventing hypoproteinemia and
low serum oncotic levels through a high-protein, low-fat diet
or parenteral nutrition and intravenous albumin [74, 78].
Traditional diuretic therapy may be extended to include an
aldosterone receptor inhibitor to further increase natriuresis,
limit potassium loss, and potentially play an anti-
inflammatory role [79]. Time-limited anti-inflammatory glu-
cocorticoid treatment may be considered as it has been report-
ed to help maintain serum albumin and minimize symptoms of
PLE. Due to its high first-pass hepatic metabolism, oral
budesonide has been preferred to avoid systemic side effects.
However, affected hepatic function is common in the Fontan
patients [80] and trouble weaning out of treatment without
relapse may still leave treated patients with unwanted short-
and long-term side effects [81]. Treatment in the form of either
intravenous or subcutaneous unfractionated heparin has been
reported to induce remission in PLE patients, with the pro-
posed mechanisms being either an anti-inflammatory effect,
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stabilization of the cell-matrix and improved glycocalyx bar-
rier function, or through binding and inactivation of IFN-y
and TNF-« alleviating heparan sulfate loss and increasing
expression of heparan sulfate proteoglycans in the endothelial
wall [82, 83]. PDE-5 inhibitors may be used to reduce pulmo-
nary resistance and CVP, consequently easing lymphatic
drainage and potentially increasing mesenteric tissue perfu-
sion [84]. Somatostatin or the analog octreotide may improve
symptoms of PLE, a reduction in splanchnic blood flow, gas-
trointestinal secretion, and antagonistic effect on lymphatic
function being proposed as possible mechanisms [85].
Finally, treatment with immunoglobulin to increase oncotic
pressure and immune competency [86], loperamide to prevent
protein loss in PLE complicated by severe diarrhea [87], in-
tense cardiac rehabilitation and prescribed exercise [88], and
dopamine infusion [89] have all been reported to reduce
symptoms in small series of patients.

Invasive procedures may secure a more permanent symp-
tomatic relief and should be considered on a case-by-case
basis. Late fenestration with the creation of a right to left shunt
may increase cardiac output and diminish symptoms at the
expense of cyanosis [66, 90]. A lymphatic interventional ap-
proach with percutaneous fluoroscopy-guided embolization
of liver lymphatic vessel connected to the leaky lymphatic
capillaries in the intestinal wall may induce remission in select
patients [63]. Similarly to creation of a fenestration, surgical or
interventional rerouting of the innominate vein and the thorac-
ic duct inlet to the low-pressure environment of the common
atrium may improve lymphatic return and result in symptom-
atic relief [91-93]. Finally, as a last resort, heart transplanta-
tion has been demonstrated to provide consistent relief of PLE
with mortality comparable to that of non-PLE Fontan patients,
however, due to an often prolonged catabolic course of the
complication, some individuals may be found too frail for
transplantation [94].

Plastic Bronchitis

PB is characterized by the formation of thick rubbery casts in
the lumen of the airways. Not being exclusively associated
with structural CHD, PB may also be observed alongside ev-
erything from asthma to various lymphatic diseases, sickle cell
disease, and cystic fibrosis. Although rare, and only reported
in < 5% of Fontan patients, PB causes severe morbidity in the
form of chronic coughing, hypoxemia, expectoration of casts,
and asphyxiation [74].

The underlying pathophysiology behind PB in CHD pa-
tients is not fully understood. However, recent findings attri-
bute a central role to a pressured and morphologically changed
lymphatic system ultimately resulting in lymphatic leakage
into the airways [95-98]. Similarly to PLE, the lymphatic
system in patients with PB may be thought to be challenged



Curr Cardiol Rep (2020) 22: 164

Page70f13 164

on multiple fronts. The elevated CVP impedes lymphatic re-
turn and causes lymphatic congestion. Additionally, the
changed lymphatic architecture with the existence of multiple
abnormal collaterals and larger more dilated lymphatic vessels
may increase risk of leakage, with protein-rich fluid leaking
into the low-pressure environment of the airways [30, 31, 98,
99]. Following leakage, as the final step, an inflammatory
reaction, preceded by concurrent respiratory infections or in-
dividual abnormalities in the inflammatory response causes
the fibrin in the lymphatic fluid to cross-link, producing the
solid casts pathognomonic of PB (Fig. 1).

Chronic coughing, wheezing, dyspnea, pleuritic chest pain,
fever, or respiratory symptoms unresponsive to bronchodila-
tors may lead the clinician to consider a possible PB diagnosis
[100-102]. Chest radiographic findings may include signs of
concurrent infection, chylous effusion, and/or signs of partial
or full atelectasis resulting from airway obstruction [101,
102]. The final diagnosis is confirmed by the production of a
bronchial cast either by expectoration or bronchoscopic re-
moval. As previously mentioned, a detailed cardiac work-up
containing functional imaging and invasive hemodynamic
measurements may aid in providing a more nuanced overview
of circulatory challenges [13, 103].

The overall treatment of PB should have two primary
goals: an initial improvement of respiratory symptoms and
hemodynamics and secondary targeting of venous and lym-
phatic congestion. Because of the rarity and heterogeneity of
the condition, the evidence behind treatment for plastic bron-
chitis is scarce. Removal of any obstruction under diagnostic
bronchoscopy may initially relieve respiratory symptoms
[103]. Optimization of hemodynamics and reduction of pul-
monary resistance by treatment with pulmonary vasodilators,
PDE-5 inhibitors, and potentially combined with endothelin-1
inhibition [103, 104]. Carvedilol may be used to lower end-
diastolic blood pressure and increase ventricular filling, and
diuretics may be used to reduce excess fluid and venous con-
gestion in the optimization of hemodynamics [74, 103].
Mobilization of casts through treatment with bronchodilators
and intensive chest physiotherapy may prove effective [13,
104]. Mucolytic treatment in the form of inhaled N-
acetylcysteine or dornase-oc may aid in this clearing of airways
[104, 105]. By increasing the osmotic gradient and favoring
increased dilution of the bronchial mucus, inhaled hypertonic
saline may also be efficient [102]. Additionally, nebulized and
inhaled tissue plasminogen activator alteplase, tPA may op-
pose the fibrin crosslinking and aid in the degradation of al-
ready formed casts [101, 106]. Unfractionated heparin has
also been shown to alleviate symptoms of PB, possibly
through both prevention of conversion of fibrinogen to fibrin
through increased antithrombin function, through anti-
inflammatory properties and perhaps in rebuilding the integ-
rity of the glycocalyx as described above. A similar anti-
inflammatory effect of corticosteroids through suppression

of numerous mediators and inhibition of both innate and adap-
tive immune cell response has also been shown beneficial
[104, 107]. In addition, treatment with macrolide antibiotics
in chronic PB may aid possibly through increased mucosal
clearance and its bacteriostatic and anti-inflammatory proper-
ties and treatment with leukotriene receptor antagonist have
also been reported applied for their anti-inflammatory effect
[102, 104].

In addition to pharmacotherapy, dietary changes in form of
a low-fat diet in combination with ligation of the thoracic duct
have been shown to relieve symptoms or cause resolution in
some patients and may be considered [108]. Until recently,
Fontan takedown or heart transplantation was considered the
last resort in dealing with patients with PB [103, 109, 110].
Similarly to the treatment of PLE, catheter-based percutane-
ous fluoroscopy-guided embolization may aid in both visual-
ization of leakage and embolization of the lympho-bronchial
communication resulting in durable remission and outcomes
with low morbidity and mortality [96].

Despite symptomatic relief on specific symptomatic treat-
ment, the detrimental pathophysiology of the Fontan circula-
tion is largely unaltered. Thus, continued pharmacological
treatment with pulmonary vasodilators and diuretics may be
deemed necessary, or additional surgical interventions to op-
timize hemodynamics and lymphodynamics may be consid-
ered. Late catheter-based fenestration redirects flow and
lowers venous congestion [90]. As in patients with PLE, de-
compression of the thoracic duct by either surgical or inter-
ventional rerouting of the innominate vein to the low-pressure
environment of the right atrium may relieve lymphatic con-
gestion and improve symptoms as a last resort in severe failing
Fontan patients. As with fenestration, the rerouting comes at
the cost of cyanosis [91-93].

Peripheral Edema

Overall, the cause of interstitial accumulation of fluid or ede-
ma can be described as an imbalance between potentially four
different factors; the hydrostatic- and the oncotic pressure both
intravascularly and in the interstitial space, the permeability of
the endothelial glycocalyx, and finally the function of lym-
phatic vessels in removing fluid and protein. Any disturbance
to the equilibrium of these forces resulting in a greater micro-
vascular filtration or an attenuation of the lymphatic removal
may cause accumulation of fluid and edema [10, 111]. Edema
may be due to systemic causes such as cardiac, hepatic, or
renal insufficiency or be due to insufficient lymphatic func-
tion, the latter characterized as lymphedema.

Edema in patients with CHD is thought to be primarily
revolving around circulatory pressure changes and a decrease
in cardiac function. However, individuals with concurrent
Turner or Noonans syndrome may have inherent genetic
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Table 1 List of management strategies and potential treatments for lymphatic complications

Condition Strategy

Objective

All
Diagnostic evaluation
Clinical examination
Cardiac imaging (echocardiography, MRI, or CT)
Cardiac catheterization
Lymphatic imaging (MRI lymphangiography)
ECG and Holter monitoring
Medical management
Diuretics
Aldosterone
PDE-5 inhibitor
Endothelin-1 inhibitor
Serous or chylous effusions
Diagnostic evaluation
X-ray
Ultrasound
Thoracocentesis, biochemistry (triglycerides)
VATS
Lymphoscintigraphy
MR lymphangiography
Medical management
Somatostatin/octreotide
Nitric oxide
Etilefrine
(Corticosteroids)
Other management
No-fat diet or total parenteral nutrition
(High positive-end expiratory pressure ventilation)
Surgical management
Thoracocentesis
Pleurodesis
Surgical ligation of TD (open thoracotomy or VATS)
TD embolization (percutaneous or venous)
Pleuroperitoneal shunt
Protein-losing enteropathy
Diagnostic evaluation
24-h o-1 antitrypsin measurement
Serum albumin
MR lymphangiography
Medical management
Diuretics (including aldosterone receptor antagonists)
Corticosteroids
Unfractionated heparin
PDE-5 inhibitor
Somatostatin/octreotide
(Loperamide)
(Dopamine)
Other management
No-fat diet or total parenteral nutrition
Intravenous albumin
Intravenous immunoglobulin
(Cardiac rehabilitation and exercise)
Surgical management
Late fenestration
Liver lymphatic embolization
TD decompression (surgical or interventional)
Fontan take-down
Heart transplantation
Plastic bronchitis
Diagnostic evaluation
Bronchoscopy
X-ray
MR lymphangiography
Medical management
PDE-5 inhibitor
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Identify anatomic problems and measure hemodynamics
Measure hemodynamics (e.g., central venous pressure)
Characterize lymphatic vasculature, identify leak
Identify hemodynamically important arrhythmia

Reduce overhydration and lymphatic congestion

Similar to diuretics, reduce inflammatory treat heart failure
Pulmonary vasodilation, reduce lymphatic congestion
Pulmonary vasodilation, reduce lymphatic congestion

Evaluate fluid existence and volume

Evaluate fluid existence and volume

Confirmation of chylous content, origin of lymph fluid
Localize lymphatic vessel leakage

Confirm lymphatic vessel leakage

Localize leakage, visualize potential lymphatic abnormalities

Reduce chyle production and effusion

Pulmonary vasodilation, reduce lymphatic congestion
TD constriction, reduction of lymph flow
Anti-inflammatory effect

Reduce production of chylous lymphatic fluid
Reduce thoracic lymph flow

Symptomatic relief

Obliterate pleural space, minimize leakage

Prevent chyle flow

Embolization of TD, prevent flow of lymph

Rerouting of lymphatic fluid, reduce respiratory symptoms

Confirm diagnosis
Alternative confirmation combined with elevated -1 antitrypsin
Visualize lymphatic system and potential abnormalities

Reduce overhydration, anti-inflammatory effect of aldosterone

Reduce inflammation, increase serum albumin

Anti-inflammatory, glycocalyx improvement

Pulmonary vasodilation, reduce lymphatic congestion

Reduce splanchnic blood flow, chyle production, and lymphatic function
Reduce intestinal motility, increase absorption of proteins

Improved cardiac function, bridge to transplant

Nutrition, reduce production of chyle

Raise serum oncotic pressure

Raise serum oncotic pressure, improve immune competency
Improved hemodynamics, reduced lymphatic congestion

Reduce lymphatic congestion

Block origin of lymphatic leakage

Reduce lymphatic congestion, improve cardiac output
Improve cardiac output, reduce lymphatic congestion
Normalize circulation

Confirmation of diagnosis
Concurrent infection, effusion and/or atelectasis
Localize leakage, visualize potential lymphatic abnormalities

Pulmonary vasodilation, reduce lymphatic congestion
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Table 1 (continued)

Condition Strategy

Objective

Endothelin-1 inhibitor
Carvedilol
Diuretics
Bronchodilator
Aerosolized hypertonic saline
Mucolytics
Unfractionated heparin
Fibrinolytics
Corticosteroids
(Leukotriene receptor inhibitors)
(Macrolides)
Other management
Intensive chest physiotherapy
Surgical management
Bronchoscopy
Late fenestration
Surgical ligation of TD
Lymphatic embolization
TD decompression (surgical or interventional)
Fontan take-down
Heart transplantation
Peripheral edema
Diagnostic evaluation
Clinical examination
(Lymphoscintigraphy)
(NIRF Lymphangiography)
(MRI Lymphangiography)
(Duplex ultrasound)
Management
Diuretics
Organ-specific treatment
Exercise
Physiotherapy
Compression bandaging
Pneumatic compression therapy

Pulmonary vasodilation, reduce lymphatic congestion

Increase ventricular filling, lower end-diastolic pressure

Reduce overhydration and lymphatic congestion

Improve respiratory symptoms, mobilize casts

Osmotic dilution and mobilization of mucus

Reduction of mucosal viscoelasticity, reduce and mobilize casts
Prevent fibrin-crosslinking, anti-inflammatory, improve glycocalyx
Fibrinolysis, reduce cast size

Anti-inflammatory

Anti-inflammatory

Increased mucosal clearance, anti-inflammatory

Mobilize casts

Removal of casts

Reduce lymphatic congestion

Prevent thoracic lymphatic flow

Block lymphatic leakage

Reduce lymphatic congestion, improve cardiac output
Improve cardiac output, reduce lymphatic congestion
Normalize circulation

Confirm diagnosis

Visualize lymphatic abnormalities
Visualize lymphatic abnormalities
Visualize lymphatic abnormalities
Examination for venous insufficiency

Prevent overhydration and reduce edema
Cardiac, hepatic and renal optimization
Reduce lymphedema

Reduce lymphedema

Reduce lymphedema

Reduce lymphedema

defects impairing normal lymphatic vessel development
[112].Accordingly, similar morphological lymphatic changes
have been associated with the Fontan circulation [99]. Also,
the altered univentricular circulation has been shown, over
time, to cause multiorgan dysfunction affecting both renal
and hepatic function [113, 114]. Both changes that are capable
of increasing the probability of peripheral edema through de-
creased lymphatic function and decreased intravascular
oncotic pressure, respectively.

Whatever the cause, the diagnosis of peripheral edema is
predominantly based on patient history and clinical findings.
Lymphoscintigraphy, lymphangiography, and NIRF imaging
may support the diagnosis and help visualize the abnormal
route of the lymphatic flow. In addition, duplex ultrasound
may reveal chronic venous insufficiency, a common disposi-
tion leading to peripheral edema [115].

Treatment and prevention are cause-dependent; optimizing
cardiac function and preventing further renal and hepatic de-
terioration may be relevant within patients with CHD.
Persisting edema may be treated with exercise, decongestive

physiotherapy, compression stockings, or pneumatic com-
pression therapy [116, 117].

Summary and Future Directions

Although the recent decade has seen a sparked interest in
research into the function of the lymphatic system and its
involvement in various complications, a full understanding
of'the pathophysiology behind the majority of lymphatic com-
plications is still wanting. Particularly within the field of
CHD, research is challenged by the heterogeneous nature of
the primary heart defects, and the low numbers treated at each
center. Accordingly, targets for the current pharmacological
treatments are speculative, based on a limited number of pa-
tients, and the lack of randomized placebo-controlled trials is
universal.

Future continued implementation of lymphatic interven-
tions and increased experience with pre-operative lymphatic
risk stratification may improve patient selection and reduce
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risk of postoperative development of lymphatic complications
[98]. Targeted pharmacological treatment of lymphatic com-
plications is wanting and drugs selectively targeting and in-
creasing inotropic and chronotropic lymphatic function may
be hypothesized to alleviate congestion and postpone or pre-
vent the development of lymphatic complications, and their
discovery should be pursued (Table 1).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Human and Animal Rights and Informed Consent  All reported studies/
experiments with human or animal subjects performed by the authors
have been previously published and complied with all applicable ethical
standards (including the Helsinki declaration and its amendments,
institutional/national research committee standards, and international/na-
tional/institutional guidelines).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Adamczyk LA, Gordon K, Kholova I, Meijer-Joma LB, Telinius
N, Gallagher PJ, et al. Lymph vessels: the forgotten second circu-
lation in health and disease. Virchows Archiv : Int J Pathol.
2016;469:3-17.

2. Scallan JP, Zawieja SD, Castorena-Gonzalez JA, Davis MJ.
Lymphatic pumping: mechanics, mechanisms and malfunction. J
Physiol. 2016;594:5749-68.

3. Briggs Boedtkjer D, Rumessen J, Baandrup U, Skov Mikkelsen
M, Telinius N, Pilegaard H, et al. Identification of interstitial
Cajal-like cells in the human thoracic duct. Cells Tissues
Organs. 2013;197:145-58.

4. Telinius N, Majgaard J, Kim S, Katballe N, Pahle E, Nielsen J,
et al. Voltage-gated sodium channels contribute to action poten-
tials and spontaneous contractility in isolated human lymphatic
vessels. J Physiol. 2015;593:3109-22.

5. Telinius N, Kim S, Pilegaard H, Pahle E, Nielsen J, Hjortdal V,
et al. The contribution of K(+) channels to human thoracic duct
contractility. Am J Physiol Heart Circ Physiol. 2014;307:H33-43.

6. Mohanakumar S, Majgaard J, Telinius N, Katballe N, Pahle E,
Hjortdal V, et al. Spontaneous and «-adrenoceptor-induced con-
tractility in human collecting lymphatic vessels require chloride.
Am J Physiol Heart Circ Physiol. 2018;315:H389-h401.

7. Telinius N, Drewsen N, Pilegaard H, Kold-Petersen H, de Leval
M, Aalkjaer C, et al. Human thoracic duct in vitro: diameter-

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

tension properties, spontaneous and evoked contractile activity.
Am J Physiol Heart Circ Physiol. 2010;299:H811-8.

Telinius N, Baandrup U, Rumessen J, Pilegaard H, Hjortdal V,
Aalkjaer C, et al. The human thoracic duct is functionally inner-
vated by adrenergic nerves. Am J Phys Heart Circ Phys.
2013;306:H206-13.

Breslin JW, Yang Y, Scallan JP, Sweat RS, Adderley SP, Murfee
WL. Lymphatic vessel network structure and physiology.
Comprehensive Physiol. 2018;9:207-99.

Levick JR, Michel CC. Microvascular fluid exchange and the
revised Starling principle. Cardiovasc Res. 2010;87:198-210.
Zuluaga MT. Chylothorax after surgery for congenital heart dis-
ease. Curr Opin Pediatr. 2012;24:291-4.

Campbell RM, Benson LN, Williams WW, Adatia I.
Chylopericardium after cardiac operations in children. Ann
Thorac Surg. 2001;72:193-6.

Rychik J, Atz AM, Celermajer DS, Deal BJ, Gatzoulis MA,
Gewillig MH, et al. Evaluation and management of the child
and adult with fontan circulation: a scientific statement from the
American Heart Association. Circulation. 2019:
Cir0000000000000696.

Joyce S, Gordon K, Brice G, Ostergaard P, Nagaraja R, Short J,
et al. The lymphatic phenotype in Noonan and
Cardiofaciocutaneous syndrome. Eur J Hum Genet. 2016;24:
690-6.

Welsh J, Todd M. Incidence and characteristics of lymphedema in
Turner's syndrome. Lymphology. 2006;39:152-3.

Doell C, Bernet V, Molinari L, Beck I, Balmer C, Latal B.
Children with genetic disorders undergoing open-heart surgery:
are they at increased risk for postoperative complications?*.
Pediatr Crit Care Med. 2011;12:539-44.

Talwar S, Agarwala S, Mittal CM, Choudhary SK, Airan B.
Pleural effusions in children undergoing cardiac surgery. Ann
Pediatr Cardiol. 2010;3:58-64.

Negrini D, Moriondo A. Pleural function and lymphatics. Acta
Physiol (Oxf). 2013;207:244-59.

Murray JF. Pulmonary edema: pathophysiology and diagnosis. Int
J Tuberc Lung Dis. 2011;15:155-60 i.

Liang CM, Hwang B, Lu JH, Lee PC, Weng ZC, Ho TY, et al.
Risk factors of prolonged postoperative pleural effusion after re-
pair of tetralogy of Fallot. J Chin Med Assoc. 2005;68:406—10.
Mouws EMJP, de Groot NMS, van de Woestijne PC, de Jong PL,
Helbing WA, van Beynum IM, et al. Tetralogy of Fallot in the
current era. Semin Thorac Cardiovasc Surg. 2019;31:496-504.
Norgard G, Gatzoulis Michael A, Moraes F, Lincoln C, Shore
Darryl F, Shinebourne Elliot A, et al. Relationship between type
of outflow tract repair and postoperative right ventricular diastolic
physiology in tetralogy of Fallot. Circulation. 1996;94:3276-80.
Sachdev MS, Bhagyavathy A, Varghese R, Coelho R, Kumar RS.
Right ventricular diastolic function after repair of tetralogy of
Fallot. Pediatr Cardiol. 2006;27:250-5.

Rathore KS, Gupta N, Kapoor A, Modi N, Singh PK, Tewari P,
et al. Assessment of right ventricular diastolic function: does it
predict post-operative course in tetralogy of Fallot. Indian Heart
J.2004;56:220-4.

Raatz A, Schober M, Zant R, Cesnjevar R, Riiffer A, Purbojo A,
et al. Risk factors for chylothorax and persistent serous effusions
after congenital heart surgery. Eur J Cardiothorac Surg. 2019;56:
1162-9.

Mott AR, Spray TL, Gaynor JW, Godinez RI, Nicolson SC,
Steven JM, et al. Improved early results with cavopulmonary con-
nections. Cardiol Young. 2001;11:3—11.

McCulloch MA, Conaway MR, Haizlip JA, Buck ML, Bovbjerg
VE, Hoke TR. Postoperative chylothorax development is associ-
ated with increased incidence and risk profile for central venous
thromboses. Pediatr Cardiol. 2008;29:556-61.


https://doi.org/

Curr Cardiol Rep (2020) 22: 164

Page 110f 13 164

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Shekerdemian L, Bohn D. Cardiovascular effects of mechanical
ventilation. Arch Dis Child. 1999;80:475-80.

Kintrup S, Malec E, Kiski D, Schmidt C, Briinen A,
Kleineriischkamp F, et al. Extubation in the operating room after
Fontan procedure: does it make a difference? Pediatr Cardiol.
2019;40:468-76.

Mohanakumar S, Telinius N, Kelly B, Lauridsen H, Boedtkjer D,
Pedersen M, et al. Morphology and function of the lymphatic
vasculature in patients with a Fontan circulation. Circulation
Cardiovascular imaging. 2019;12:¢008074.

Dori Y, Keller MS, Fogel MA, Rome JJ, Whitehead KK, Harris
MA, et al. MRI of lymphatic abnormalities after functional single-
ventricle palliation surgery. AJR Am J Roentgenol. 2014;203:
426-31.

Lo Rito M, Al-Radi OO, Saedi A, Kotani Y, Ben Sivarajan V,
Russell JL, et al. Chylothorax and pleural effusion in contempo-
rary extracardiac fenestrated fontan completion. J Thorac
Cardiovasc Surg. 2018;155:2069-77.

Kim G, Ko H, Byun JH, Lee HD, Kim H, Sung SC, et al. Risk
factors for prolonged pleural effusion after extracardiac Fontan
operation. Pediatr Cardiol. 2019;40:1545-52.

Chew JD, Hill KD, Jacobs ML, Jacobs JP, Killen SAS, Godown J,
et al. Congenital heart surgery outcomes in turner syndrome: the
Society of Thoracic Surgeons Database Analysis. Ann Thorac
Surg. 2019;108:1430-7.

Esther CR Jr, Barker PM. Pulmonary lymphangiectasia: diagnosis
and clinical course. Pediatr Pulmonol. 2004;38:308-13.

Biko DM, Reisen B, Otero HJ, Ravishankar C, Victoria T, Glatz
AC, et al. Imaging of central lymphatic abnormalities in Noonan
syndrome. Pediatr Radiol. 2019;49:586-92.

Soto-Martinez M, Massie J. Chylothorax: diagnosis and manage-
ment in children. Paediatr Respir Rev. 2009;10:199-207.

Tutor JD. Chylothorax in infants and children. Pediatrics.
2014;133:722-33.

Valentine VG, Raffin TA. The management of chylothorax.
Chest. 1992;102:586-91.

Staats BA, Ellefson RD, Budahn LL, Dines DE, Prakash UB,
Offord K. The lipoprotein profile of chylous and nonchylous pleu-
ral effusions. Mayo Clin Proc. 1980;55:700—4.

Sharma R, Wendt JA, Rasmussen JC, Adams KE, Marshall MV,
Sevick-Muraca EM. New horizons for imaging lymphatic func-
tion. Ann N Y Acad Sci. 2008;1131:13-36.

Dori Y. Novel lymphatic imaging techniques. Tech Vasc Interv
Radiol. 2016;19:255-61.

Chavhan GB, Amaral JG, Temple M, Itkin M. MR lymphangiog-
raphy in children: technique and potential applications.
Radiographics. 2017;37:1775-90.

Kosloske AM, Martin LW, Schubert WK. Management of
chylothorax in children by thoracentesis and medium-chain tri-
glyceride feedings. J Pediatr Surg. 1974;9:365-71.

Hashim SA, Roholt HB, Babayan VK, Vanitallie TB. Treatment
of chyluria and chylothorax with medium-chain triglyceride. N
Engl J Med. 1964;270:756-61.

Panthongviriyakul C, Bines JE. Post-operative chylothorax in
children: an evidence-based management algorithm. J Paediatr
Child Health. 2008;44:716-21.

Roehr CC, Jung A, Proquitté H, Blankenstein O, Hammer H,
Lakhoo K, et al. Somatostatin or octreotide as treatment options
for chylothorax in young children: a systematic review. Intensive
Care Med. 2006;32:650-7.

Berkenbosch JW, Withington DE. Management of postoperative
chylothorax with nitric oxide: a case report. Crit Care Med.
1999;27:1022-4.

Guillem P, Papachristos I, Peillon C, Triboulet J-P. Etilefrine use
in the management of post-operative chyle leaks in thoracic sur-
gery. Interact Cardiovasc Thorac Surg. 2004;3:156—60.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rothman A, Mayer JE, Freed MD. Treatment of chronic pleural
effusions after the Fontan procedure with prednisone. Am J
Cardiol. 1987;60:408-9.

Liviskie CJ, Brennan CC, McPherson CC, Vesoulis ZA.
Propranolol for the treatment of lymphatic malformations in a
neonate - a case report and review of literature. J Pediatr
Pharmacol Ther. 2020;25:155-62.

Ragosta KG, Alfieris G. Chylothorax: a novel therapy. Crit Care
Med. 2000;28:1208-9.

Engum SA, Rescorla FJ, West KW, Scherer LR 3rd, Grosfeld JL.
The use of pleuroperitoneal shunts in the management of persis-
tent chylothorax in infants. J Pediatr Surg. 1999;34:286-90.
Nath DS, Savla J, Khemani RG, Nussbaum DP, Greene CL, Wells
WIJ. Thoracic duct ligation for persistent chylothorax after pediat-
ric cardiothoracic surgery. Ann Thorac Surg. 2009;88:246-51 dis-
cussion 251-2.

Pego-Fernandes PM, Nascimbem MB, Ranzani OT, Shimoda
MS, Monteiro R, Jatene FB. Video-assisted thoracoscopy as an
option in the surgical treatment of chylothorax after cardiac sur-
gery in children. J Bras Pneumol. 2011;37:28-35.

Savla JJ, Itkin M, Rossano JW, Dori Y. Post-operative
chylothorax in patients with congenital heart disease. ] Am Coll
Cardiol. 2017;69:2410-22.

Itkin M, Krishnamurthy G, Naim MY, Bird GL, Keller MS.
Percutaneous thoracic duct embolization as a treatment for intra-
thoracic chyle leaks in infants. Pediatrics. 2011;128:e237-41.
Koike Y, Hirai C, Nishimura J, Moriya N, Katsumata Y.
Percutaneous transvenous embolization of the thoracic duct in
the treatment of chylothorax in two patients. J Vasc Interv
Radiol. 2013;24:135-7.

Mertens L, Hagler DJ, Sauer U, Somerville J, Gewillig M.
Protein-losing enteropathy after the Fontan operation: an interna-
tional multicenter study. PLE study group. J Thorac Cardiovasc
Surg. 1998;115:1063-73.

Atz AM, Zak V, Mahony L, Uzark K, D’agincourt N, Goldberg
DJ, et al. Longitudinal outcomes of patients with single ventricle
after the Fontan procedure. J Am Coll Cardiol. 2017;69:2735-44.
John AS, Johnson JA, Khan M, Driscoll DJ, Warnes CA, Cetta F.
Clinical outcomes and improved survival in patients with protein-
losing enteropathy after the Fontan operation. ] Am Coll Cardiol.
2014;64:54-62.

Tanaka M, Iwakiri Y. The hepatic lymphatic vascular system:
structure, function, markers, and lymphangiogenesis. Cell Mol
Gastroenterol Hepatol. 2016;2:733—49.

Itkin M, Piccoli DA, Nadolski G, Rychik J, DeWitt A, Pinto E,
et al. Protein-losing enteropathy in patients with congenital heart
disease. J] Am Coll Cardiol. 2017;69:2929-37.

Menon S, Hagler D, Cetta F, Gloviczki P, Driscoll D. Role of
caval venous manipulation in treatment of protein-losing enterop-
athy. Cardiol Young. 2008;18:275-81.

Meadows J, Gauvreau K, Jenkins K. Lymphatic obstruction and
protein-losing enteropathy in patients with congenital heart dis-
ease. Congenit Heart Dis. 2008;3:269-76.

Vyas H, Driscoll DJ, Cabalka AK, Cetta F, Hagler DJ. Results of
transcatheter Fontan fenestration to treat protein losing enteropa-
thy. Catheter Cardiovasc Interv. 2007;69:584-9.

Rychik J, Gui-Yang S. Relation of mesenteric vascular resistance
after Fontan operation and protein-losing enteropathy. Am J
Cardiol. 2002;90:672-4.

Ostrow AM, Freeze H, Rychik J. Protein-losing enteropathy after
Fontan operation: investigations into possible pathophysiologic
mechanisms. Ann Thorac Surg. 2006;82:695-700.

Goldstein SA, Beshish AG, Bush LB, Lowery RE, Wong JH,
Schumacher KR, et al. Analysis of inflammatory cytokines in
postoperative Fontan pleural drainage. Pediatr Cardiol. 2019;40:
744-52.

@ Springer



164

Page 12 of 13

Curr Cardiol Rep (2020) 22: 164

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Tarbell JM, Cancel LM. The glycocalyx and its significance in
human medicine. J Intern Med. 2016;280:97—113.

Bode L, Freeze HH. Applied glycoproteomics—approaches to
study genetic-environmental collisions causing protein-losing en-
teropathy. Biochim Biophys Acta. 1760;2006:547-59.

Bode L, Salvestrini C, Park PW, Li JP, Esko JD, Yamaguchi Y,
et al. Heparan sulfate and syndecan-1 are essential in maintaining
murine and human intestinal epithelial barrier function. J Clin
Invest. 2008;118:229-38.

Lenz D, Hambsch J, Schneider P, Héusler HJ, Sauer U, Hess J,
et al. Protein-losing enteropathy in patients with Fontan circula-
tion: is it triggered by infection? Crit Care. 2003;7:185-90.
Schumacher KR, Stringer KA, Donohue JE, Yu S, Shaver A,
Caruthers RL, et al. Fontan-associated protein-losing enteropathy
and plastic bronchitis. J Pediatr. 2015;166:970-7.

Goldberg DJ, Dodds K, Avitabile CM, Glatz AC, Brodsky JL,
Semeao EJ, et al. Children with protein-losing enteropathy after
the Fontan operation are at risk for abnormal bone mineral density.
Pediatr Cardiol. 2012;33:1264-8.

Magdo HS, Stillwell TL, Greenhawt MJ, Stringer KA, Yu S, Fifer
CG, et al. Immune abnormalities in Fontan protein-losing enter-
opathy: a case-control study. J Pediatr. 2015;167:331-7.

Florent C, Lévy VG, Bernier JJ. Protein losing enteropathy and
alcoholic cirrhosis (author's transl). Gastroenterol Clin Biol.
1982;6:68-72.

Elli L, Topa M, Rimondi A. Protein-losing enteropathy. Curr Opin
Gastroenterol. 2020;36:238-44.

Okano S, Sugimoto M, Takase M, Iseki K, Kajihama A, Azuma
H. Effectiveness of high-dose spironolactone therapy in a patient
with recurrent protein-losing enteropathy after the Fontan proce-
dure. Intern Med. 2016;55:1611-4.

Goldberg DJ, Surrey LF, Glatz AC, Dodds K, O'Byme ML, Lin
HC, et al. Hepatic fibrosis is universal following Fontan operation,
and severity is associated with time from surgery: a liver biopsy
and hemodynamic study. J] Am Heart Assoc. 2017;6.
Kewcharoen J, Mekraksakit P, Limpruttidham N, Kanitsoraphan
C, Charoenpoonsiri N, Poonsombudlert K, et al. Budesonide for
protein losing enteropathy in patients with Fontan circulation: a
systematic review and meta-analysis. World J Pediatr Congenit
Heart Surg. 2020;11:85-91.

Lortat-Jacob H, Grimaud JA. Interferon-gamma C-terminal func-
tion: new working hypothesis. Heparan sulfate and heparin, new
targets for IFN-gamma, protect, relax the cytokine and regulate its
activity. Cell Mol Biol. 1991;37:253—60.

Harvima IT, Lappalainen K, Hirvonen MR, Mitto M, Kivinen
PK, Hyttinen M, et al. Heparin modulates the growth and adher-
ence and augments the growth-inhibitory action of TNF-alpha on
cultured human keratinocytes. J Cell Biochem. 2004;92:372-86.
Uzun O, Wong JK, Bhole V, Stumper O. Resolution of protein-
losing enteropathy and normalization of mesenteric Doppler flow
with sildenafil after Fontan. Ann Thorac Surg. 2006;82:¢39-40.
John AS, Phillips SD, Driscoll DJ, Warnes CA, Cetta F. The use
of octreotide to successfully treat protein-losing enteropathy fol-
lowing the Fontan operation. Congenit Heart Dis. 2011;6:653—6.
Zaupper LB, Nielsen BW, Herlin T. Protein-losing enteropathy
after the total cavopulmonary connection: impact of intravenous
immunoglobulin. Congenit Heart Dis. 2011;6:624-9.

Windram JD, Clift PF, Speakman J, Thorne SA. An unusual treat-
ment for protein losing enteropathy. Congenit Heart Dis. 2011;6:
253-6.

Broda CR, Castellanos DA, Pham TDN, Dreyer WJ, Opina AD,
Ermis PR, et al. Improvement in protein-losing enteropathy in a
patient with Fontan circulation after cardiac rehabilitation and pre-
scriptive exercise. World J Pediatr Congenit Heart Surg. 2020;11:
364-5.

@ Springer

89.

90.

9L

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Friedland-Little JM, Gajarski RJ, Schumacher KR. Dopamine as a
potential rescue therapy for refractory protein-losing enteropathy
in Fontan-palliated patients. Pediatr Transplant. 2017;21:¢12925.
Rychik J, Rome Jonathan J, Jacobs ML. Late surgical fenestration
for complications after the Fontan operation. Circulation. 1997;96:
33-6.
Hraska V. Decompression of thoracic duct: new approach for the
treatment of failing Fontan. Ann Thorac Surg. 2013;96:709—11.
Antonio M, Gordo A, Pereira C, Pinto F, Fragata I, Fragata J.
Thoracic duct decompression for protein-losing enteropathy in
failing Fontan circulation. Ann Thorac Surg. 2016;101:2370-3.
Smith CL, Hoffman TM, Dori Y, Rome JJ. Decompression of the
thoracic duct: a novel transcatheter approach. Catheter Cardiovasc
Interv. 2020;95:E56—61.
Schumacher KR, Gossett J, Guleserian K, Naftel DC, Pruitt E,
Dodd D, et al. Fontan-associated protein-losing enteropathy and
heart transplant: a Pediatric Heart Transplant Study analysis. J
Heart Lung Transplant. 2015;34:1169-76.
Dori Y, Keller MS, Rychik J, Itkin M. Successful treatment of
plastic bronchitis by selective lymphatic embolization in a
Fontan patient. Pediatrics. 2014;134:¢590-5.
Dori Y, Keller MS, Rome JJ, Gillespie MJ, Glatz AC, Dodds K,
et al. Percutaneous lymphatic embolization of abnormal pulmo-
nary lymphatic flow as treatment of plastic bronchitis in patients
with congenital heart disease. Circulation. 2016;133:1160-70.
Ezmigna DR, Morgan WJ, Witte MH, Brown MA.
Lymphoscintigraphy in plastic bronchitis, a pediatric case report.
Pediatr Pulmonol. 2013;48:515-8.
Ghosh RM, Griffis HM, Glatz AC, Rome JJ, Smith CL, Gillespie
M]J, et al. Prevalence and cause of early Fontan complications:
does the lymphatic circulation play a role? ] Am Heart Assoc.
2020;9:e015318.
Biko DM, DeWitt AG, Pinto EM, Morrison RE, Johnstone JA,
Griffis H, et al. MRI evaluation of lymphatic abnormalities in the
neck and thorax after Fontan surgery: relationship with outcome.
Radiology. 2019;291:774-80.
Werkhaven J, Holinger LD. Bronchial casts in children. Ann Otol
Rhinol Laryngol. 1987;96:86-92.
Wakeham MK, Van Bergen AH, Torero LE, Akhter J. Long-term
treatment of plastic bronchitis with aerosolized tissue plasminogen
activator in a Fontan patient. Pediatr Crit Care Med. 2005;6:76-8.
Do P, Randhawa I, Chin T, Parsapour K, Nussbaum E. Successful
management of plastic bronchitis in a child post Fontan: case
report and literature review. Lung. 2012;190:463-8.
Avitabile CM, Goldberg DJ, Dodds K, Dori Y, Ravishankar C,
Rychik J. A multifaceted approach to the management of plastic
bronchitis after cavopulmonary palliation. Ann Thorac Surg.
2014;98:634-40.
Brooks K, Caruthers RL, Schumacher KR, Stringer KA.
Pharmacotherapy challenges of Fontan-associated plastic bron-
chitis: a rare pediatric disease. Pharmacotherapy: The Journal of
Human Pharmacology and Drug Therapy. 2013;33:922-34.
Kumar A, Jat KR, Srinivas M, Lodha R. Nebulized N-
acetylcysteine for management of plastic bronchitis. Indian
Pediatr. 2018;55:701-3.
Heath L, Ling S, Racz J, Mane G, Schmidt L, Myers JL, et al.
Prospective, longitudinal study of plastic bronchitis cast pathology
and responsiveness to tissue plasminogen activator. Pediatr
Cardiol. 2011;32:1182-9.
Onoue Y, Adachi Y, Ichida F, Miyawaki T. Effective use of cor-
ticosteroid in a child with life-threatening plastic bronchitis after
Fontan operation. Pediatr Int. 2003;45:107-9.
Parikh K, Witte MH, Samson R, Teodori M, Carpenter JB, Lowe
MC, et al. Successful treatment of plastic bronchitis with low fat
diet and subsequent thoracic duct ligation in child with Fontan
physiology. Lymphology. 2012;45:47-52.



Curr Cardiol Rep (2020) 22: 164

Page 130f 13 164

109.

110.

111.
112.

113.

114.

Grutter G, Di Carlo D, Gandolfo F, Adorisio R, Alfieri S,
Michielon G, et al. Plastic bronchitis after extracardiac Fontan
operation. Ann Thorac Surg. 2012;94:860—4.

Parent JJ, Darragh RK, Gossett JG, Ryan TD, Villa CR, Lorts A,
et al. Strategies to prevent cast formation in patients with plastic
bronchitis undergoing heart transplantation. Pediatr Cardiol.
2017;38:1077-9.

Cho S, Atwood JE. Peripheral edema. Am J Med. 2002;113:580—6.
Brouillard P, Boon L, Vikkula M. Genetics of lymphatic anoma-
lies. J Clin Invest. 2014;124:898-904.

Dimopoulos K, Diller GP, Koltsida E, Pijuan-Domenech A,
Papadopoulou SA, Babu-Narayan SV, et al. Prevalence, predic-
tors, and prognostic value of renal dysfunction in adults with
congenital heart disease. Circulation. 2008;117:2320-8.

Ghaferi AA, Hutchins GM. Progression of liver pathology in pa-
tients undergoing the Fontan procedure: chronic passive

115.

116.

117.

congestion, cardiac cirrhosis, hepatic adenoma, and hepatocellular
carcinoma. J Thorac Cardiovasc Surg. 2005;129:1348-52.
O'Donnell TF Jr, Rasmussen JC, Sevick-Muraca EM. New diag-
nostic modalities in the evaluation of lymphedema. J Vasc Surg
Venous Lymphat Disord. 2017;5:261-73.

Trayes KP, Studdiford JS, Pickle S, Tully AS. Edema: diagnosis
and management. Am Fam Physician. 2013;88:102—10.
Rockson SG. Current concepts and future directions in the diag-
nosis and management of lymphatic vascular disease. Vasc Med.
2010;15:223-31.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	Diagnosis and Management of Lymphatic Disorders in Congenital Heart Disease
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Lymphatic Complications
	Lymphatic Effusion and Chylothorax
	Protein-Losing Enteropathy
	Plastic Bronchitis
	Peripheral Edema
	Summary and Future Directions
	References


