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Thoracic lymphatic anomalies in
patients with univentricular hearts:
correlation of morphologic
findings in isotropic T2-weighted
MRI with the outcome after fontan
palliation
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Objectives: In this study we examined the correlation between the extent of
thoracic lymphatic anomalies in patients after surgical palliation by total
cavopulmonary connection (TCPC) and their outcome in terms of clinical and
laboratory parameters.

Materials and methods: We prospectively examined 33 patients after TCPC with
an isotropic heavily T2-weighted MRl sequence on a 3.0T scanner.
Examinations were performed after a solid meal, slice thickness of 0.6 mm, TR
of 2400 ms, TE of 692 ms, FoV of 460 mm, covering thoracic and abdominal
regions. Findings of the lymphatic system were correlated with clinical and
laboratory parameters obtained at the annual routine check-up.

Results: Eight patients (group 1) showed type 4 lymphatic abnormalities.
Twentyfive patients (group 2) presented less severe anomalies (type 1-3). In the
treadmill CPET, group 2 reached step 7.0;6.0/8.0 vs. 6.0;3.5/6.8 in group 1 (p =
0.006*) and a distance of 775;638/854 m vs. 513;315/661 m (p = 0.006%). In the
laboratory examinations, group 2 showed significantly lower levels of AST, ALT
and stool calprotectin as compared to group 1. There were no significant
differences in NT-pro-BNP, total protein, 1gG, lymphocytes or platelets, but
trends. A history of ascites showed 5/8 patients in group 1 vs. 4/25 patients in
group 2 (p =0.02%), PLE occurred in 4/8 patient in group 1 vs. 1/25 patients in
group 2 (p =0.008%).

Abbreviations

Al aortic valve insufficiency; AVVI, atrioventricular valve insufficiency; CHD, Congenital heart disease; CPET,
cardiopulmonary exercise test; CVP, Central venous pressure; ECMO, Extracorporeal membrane oxygenation;
EDV, end-diastolic volume; EF, Ejection fraction; FS, fractional shortening; FSE, Fast Spin Echo; IQR,
interquartile range; LVEDP, Left ventricular end-diastolic pressure; MRL, magnetic
lymphangiography; OUES, oxygen uptake efficiency slope; PAPm, mean pulmonary arterial pressure; PLE,
protein-losing enteropathy; PVR, pulmonary vascular resistance; SPCP, superior cavopulmonary connection;
TCPC, total cavopulmonary connection; VO,max, maximal oxygen consumption.
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Conclusion: In the long-term follow-up after TCPC, patients with severe thoracic and
cervical lymphatic abnormalities showed restrictions in exercise capacity, higher liver
enzymes and an increased rate of symptoms of imminent Fontan-failure such as ascites

and PLE.

KEYWORDS

TCPC, fontan circulation, thoracic and cervical lymphatic abnormalities, T2-weighted CMR,
univentricular cardiac disease, failing fontan circulation

Key points

— This prospective study in 33 patients with univentricular
hearts after total cavopulmonary connection (TCPC) shows that
the severity of lymphatic abnormalities of the neck and thorax is
correlated with clinical and laboratory parameters.

- Patients after TCPC with type 4 classification of lymphatic
anomalies showed increased markers for failing Fontan including
PLE, which is prognostically unfavourable.

Introduction

Since the introduction of the Fontan operation in 1968
TCPC has become the treatment of choice for separation of
with
worldwide

pulmonary and systemic circulations in patients
(1-3). The
number of patients increases annually and was estimated to be
50 000-70 000 in 2018 (3, 4). The 30-years survival after

surgical Fontan completion is estimated >80% (3-5). Since

functionally univentricular hearts

these patients develop late sequelae including hepatic fibrosis,
protein-losing enteropathy, plastic bronchitis and ventricular
dysfunction, morbidity and mortality remain high (6). The
impairment of the lymphatic system, caused by increased
venous pressure that is associated with alterations in starling
forces, can lead to related complications. Understanding the
physiology and pathophysiology of the lymphatic system and
its treatment of complications are subject of current research,
which Dori et al. in particular are driving forward with their
work (7-10). They established a score for gradation of
lymphatic abnormalities in the neck and thorax. Patients with
severe thoracic lymphatic abnormalities were summarized
under type 4 and had a significantly worse postoperative
outcome after TCPC completion including prolonged duration
of effusions, failure of Fontan circulation requiring Fontan
takedown, need for transplant and higher 3-years mortality
(11). Heavily T2-weighted magnetic resonance sequences have
been introduced as a noninvasive technique to visualize the
lymphatic system (10, 12, 13). In this study we investigated the
incidence of anatomic variations of the thoracic lymphatic
channels in patients after TCPC using a heavily T2-weighted
3D Fast Spin Echo (FSE) sequence and correlated the results
with laboratory and clinical parameters (14). The aim of this
study was to explore which symptoms are associated with type
4 lymphatic abnormalities.
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Materials and methods

This prospective study was approved by the local ethics
committee with the project number (873/2017BO1). All subjects
provided written informed consent. Written informed consent
was obtained from the patients or their legal representatives.

Study cohort

We performed a prospective study including thirty-three
consecutive patients [Mdn (Q1;Q3)=19.8 years (14.6;30.2)]
patients with a history of TCPC [follow-up 14.3 years
(9.7;24.9)] who underwent cardiac MRI between August 20,
2018, and July 5, 2021. Cardiac MRI every 5 years is part of
our routine follow-up in patients with univentricular hearts
following TCPC. All patients who qualified for MRI during the
offered MRL
Exclusion

study period were (magnetic  resonance

lymphangiography). criteria  were  implanted
pacemakers and absence of consent of the patient and/or
parents. The results of the MRI examination were correlated
with other data from the annual check-up such as medical
history, physical examination, echocardiography, sonography of
the abdomen and hemodynamic data derived by cardiac
catherization. Exercise tests were performed on the treadmill
according to the protocol of the German Society of Pediatric
Cardiology (15). This treadmill protocol includes an increase in
speed of 0.5km/h and an increase in gradient of 3% to a

maximum of 21% every 1.5 min. Each increase is termed step.

MR-Examination

Subjects were examined on a 3.0 T MAGNETOM Prisma™
MRI scanner (Siemens Healthcare, Erlangen, Germany) in supine
Our cardiac MRI
examination and in addition a coronal Half-Fourier Acquisition
with Single Shot Turbo Spin Echo (HASTE) sequence with
breath-holding. For MR lymphangiography a 3D FSE sequence

position. protocol included a routine

was applied using respiratory navigator gating with following
parameters: isotropic voxel size 1.2x 1.2 x 1.2 mm’, interpolated
to 0.6 x 0.6 x 0.6 mm®, 224 slices per slab, slab thickness 27 cm,
repetition time 2,400 ms, long echo time 692 ms, field of view
460 x 460 mm, matrix size 384 x 384. Imaging of the neck, chest
and abdomen was performed in all patients. All patients were
asked to eat a high-fat breakfast and were offered 200 ml of
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cream (fat content 60 g) 3 h before the MRI-scan to stimulate the
lymphatic flow and thereby to improve image quality (14). In order
to reduce undesired signals from the stomach, the volunteers drank
200 ml of pineapple juice prior to the MR examination. Pineapple
juice reduces undesired signals from stomach due to shortening of
the T2 relaxation time (16).

Image analysis

MR lymphangiograms were reconstructed using targeted
maximum-intensity projection (MIP) with a slab thickness of
30 mm. The lymphangiograms were evaluated in accordance by
one experienced radiologist (M.E. with 6 year of experience in
MRI) and two experienced pediatric cardiologists (A.H.', A.H.2
with 5 and 11 of years of experience in cardiac MRI), all with
special expertise in cardiovascular MRI in CHD. For evaluation
of the cervical and thoracic lymphatic channels the score
according to Biko et al. was applied (11). The examiners were
blinded for the clinical data of the patients, read all MRL
studies together and classified the findings in consensus (14).
Type 1 shows minimal supraclavicular increased signal
intensity. Type 2 is characterized by increased signal intensity
within bilateral supraclavicular region without extension into
the mediastinum. Type 3 shows presumed lymphatic channels
within the neck with extension of lymphatics within the

mediastinum. Type 4 is characterized by increased abnormal

10.3389/fcvm.2023.1145613

the bilateral
extending into the mediastinum and with interstitial pattern
into the lungs (11).

signal intensity in supraclavicular regions

Statistical analysis

Statistical analysis was conducted using SPSS, version 28.0
(IBM Corp., Armonk, NY, USA). Distribution of demographic
MRI
parameters and laboratory parameters were evaluated by two-

characteristics, cardiac parameters, echocardiographic
sided U-test. Values of each variable were compared and
expressed by median (Q1;Q3). A two-sided Chi-square test was
used for comparison of clinical variables. A p-value of less than

0.05 indicated a statistically significant difference.

Results

Patients demographics, MRI scan and
clinical history

From August 2018 until July 2021, a total of 39 MRI
investigations were performed in patients after TCPC at our
tertiary referral center for children and adults with congenital
heart disease (Figure 1). Six patients were excluded (4 patients
aborted the MRI exam because of the duration of examination, 2

Total cardiac MRl exams
over study period (n = 39)

group 1 (n=8)
type 4 lymphatic abnormalities

FIGURE 1
Flow diagram of study cohort.

Excluded (n = 6)
n =4: aborted, too long measurement
n = 2: measurement artefacts

group 2 (n = 25)
type 1-3 lymphatic abnormalities
(type 1:n=2,type 2:n=13,type 3: n=10)
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examinations were excluded because of excessive artefacts). A
standard cardiac MRI protocol was performed followed by the
heavily T2-weighted 3D FSE sequence. Thirty patients had a high-
fat meal. Twenty-two of them followed up with an additional
intake of 200 ml cream with 60 g fat content (3 of 8 patients
(37.5%) in group 1 vs. 19 of 25 patients (76%) in group 2, Chi*(1)
=4.04, p=0.082. The others refused the high-fat meal. Twenty-one
patients tolerated it well, one patient reacted with vomiting. The
FSE sequence was performed without interference in all patients.
The acquisition time was 14:41 min (13:18;16:30). Eight patients
(group 1) showed type 4 lymphatic abnormalities in the neck and
thorax (Figures 2A, B). Twenty-five patients (group 2) showed
1-3 2C-E) (11).
Demographic data are shown in (Table 1). In group 1 (n=38) six

lower grades abnormalities type (Figures
patients had an extracardiac conduit and two patients an intraatrial-
lateral tunnel. In group 2 (n=25) 12 patients had an extracardiac
conduit, 11 patients an intraatrial-lateral tunnel and two patients
an atriopulmonary anastomosis. The median diameter of the
extracardiac conduits was 20.0 mm (18.0;21.0) in group 1 vs.

10.3389/fcvm.2023.1145613

17 mm (16.0;19.5) in group 2, p =0.075. The systemic ventricle was
a left ventricle in 3 of 8 patients (37.5%) in group 1 whereas 18 of
25 patients (72%) had a left ventricle in group 2, p =0.106.

TABLE 1 Demographic variables. SCPC = superior
connection, TCPC = total cavopulmonary connection.

cavopulmonary

Group 1 (n=8)

Group 2 (n=25)

median (Q1;Q3) | median (Q1;Q3)

Weight (kg) 58.9 (30.5;64.1) 61.0 (57.0;68.0) p=0.220
Size (m) 1.63 (1.36;1.74) 1.68 (1.61;1.78) p=0.138
Sex (f/m) (3/5) (9/16) p=0.940
Age MRI (y) 16.8 (12.3;24.8) 20.6 (16.3;31.1) p=0.074
Age Follow-up (y) 10.4 (4.7;20.3) 17.3 (12.3;25.5) p=0.044*
(TCPC—MRI)

Age SCPC (m) 11.3 (8.3;21.5) 25.6 (9.8;63.3) p=0.081

(mean + SD: 14.5 + 8.0) | (mean + SD: 38.0 + 31.6)

Age TCPC (y) 3.1 (1.7;12.9) 4.2 (3.26.2) p=0.220
one stage Fontan n=1 n=10

Bold values are the median.
*is statistically significant.

FIGURE 2
(A)

classification type 4: patient 2, 19 years, male, hypoplastic left heart syndrome (HLHS), extracardiac conduit 20 mm, NYHA 3, PLE, pleural effusion,
lymphatic abnormalities type 4 having abnormal supraclavicular lymphatics with extension both into the mediastinum and interstitial pattern into the
lung parenchyma (arrow); MIP 30 mm. (B) Classification type 4: patient 31, 13 years, female, double inlet left ventricle (DILV), extracardiac conduit
18 mm, NYHA 4, PLE, pleural effusion, lymphatic abnormalities type 4 having abnormal supraclavicular lymphatics with extension both into the
mediastinum and interstitial pattern into the lung parenchyma, tortuous duct (arrow); MIP 30 mm. (C) classification type 3: patient 17, 31 years male,
pulmonary atresia with an intact ventricular septum, hypoplastic right heart, intraatrial conduit, NYHA 1, no PLE, lymphatic abnormalities type 3 having
abnormal supraclavicular region with extension to the mediastinum (arrow); MIP 30 mm. (D) classification type 2: patient 28, 32 years, male, tricuspid
atresia, hypoplastic right heart, intraatrial tunnel, NYHA 2, no PLE, lymphatic abnormalities type 2 having abnormal increased lymphatic channels
within the supraclvicular region without extension to the mediastinum (arrow); MIP 30 mm. (E) classification type 1. patient 1, 20 years, male,
atrioventricular septal defect, malposition of the great arteries, right isomerism, NYHA 1, no PLE, lymphatic abnormalities type 1 having little or no
presumed lymphatic channels within the supraclavicular region and mediastinum (arrow); MIP 30 mm
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None of the patients required extracorporeal support
postoperatively. None of the patients had additional cardiac
operation during follow-up. The median number of cardiac catheter
interventions such as stenting of the pulmonary arteries or occlusion
of collaterals was 1.5 (0;3) in group 1 vs. 2.0 (0;1.5) in group 2, p=
0.254. The most recent cardiac catherization to MRI was within
median 2.5 years (1.1;9.6), available in 28 patients, revealed a mean
pulmonary artery pressures (PAPm) of 12.0 mmHg (11;17) in group
1 (n=6) vs. 11.5 mmHg (8;13) in group 2 (n=22), p=0.214.

62.5% (5/8) of patients in group 1 received pulmonary
vasodilative treatment with sildenafil as compared to 0% (0/25)
of patients in group 2. There were no differences between the
groups regarding the medication with acetylsalicylic acid,
f3-blockers, ACE

amiodarone. Data regarding the history of diarrhea, ascites, PLE,

phenprocoumon,  diuretics, inhibitors,
plastic bronchitis and chylothorax are listed in Table 2.
Hepatomegaly was present in 37.5% (3/8) of patients in group
1 vs. in 8% (2/25) of patients in group 2, p =0.078, Chi%(1) 4.10.
The liver parenchyma showed no significant differences in
structure  between

parenchymal both  groups

homogeneity of parenchyma and surface nodularity. 50% (4/8) of

regarding

patients in group 1 vs. 48% (12/25) of patients in group 2
showed inhomogeneous liver parenchyma, p=1.0, Chiz(l) 0.1.
Surface nodularity was present 50% (4/8) of patients in group 1
vs. 44% (11/25) of patients in group 2, p = 1.0, Chi*(1) 0.09.
There were no differences in echocardiographic parameters
regarding AVVI, AI (Table 3).
including EF, normalized EDV also showed no differences
(Table 3). Results for exercise capacity in treadmill CPET are

Cardiac MRI parameters

shown in Table 3. Patients in group 2 achieved significantly
longer distances and higher steps in these tests. However, there
were no significant differences regarding the VO,max, O, pulse
and oxygen uptake efficiency slope (OUES).

Although not statistically significant, laboratory parameters for
NT-pro-BNP tended to be higher in group 1, values for IgG, total
protein, albumin and lymphocytes tended to be lower in group
1. Platelets showed similar values in both groups. (Figure 3A).
Group 1 showed significantly higher levels for ALT and AST.
Although not statistically significant, values for yGT tended to be
higher in group 1. Lipase and pancreatic amylase were measured
significantly lower in group 1 vs. group 2. Values for calprotectin
in stool were significantly higher in group 1 (Figure 3B). There
were no differences in values for calprotectin in blood. The median

TABLE 2 Frequency distribution of symptoms of PLE (protein-losing
enteropathy), history of ascites, history of diarrhea, PB (plastic
bronchitis) and chylothorax within the two groups.

Group 1
n=8

PLE 4 Chi® (1) =9.98, p =0.008*
Ascites (history of) Chi® (1) = 6.61, p = 0.020*
Chi® (1) =8.42, p=0.010*
Chi® (1) =3.23, p=0.139
Chi® (1) =2.75, p=0.170

Diarrhoea (history of)
PB (history of)
Chylothorax (history of)

BN a | ;e
G= W =

Bold values are the median.
*is statistically significant.
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TABLE 3 Echocardiographic, MRI and treadmill CPET variables.

Group 1 (n=28)

Group 2 (n=25)

median (Q1;Q3) median (Q1;Q3)

Echocardiographic parameters:

AVVI 1(0:1);n=8 1 (0;1); n=25 p=0.885
Al 0 (0;0,8); n=8 0 (0;1); n=25 p=0.984
MRI:

EF 56 (44;67); n=8 47 (42;52); n=25) p=0.150
EDVnorm (m]/mz) 106 (85;113); n=8 | 94 (79.5;105.5); n=8 | p=0.330
Treadmill CPET:

Step 6.0 (3.5;6.8); n=8 7 (6:8); n=25 p =0.006%
Distance (m) 513 (315;661); n=8 | 775 (638;854); n=25 | p=0.005*
VO,max (ml/kg/min) | 24.0 (22.5:25.8); n=6 | 24.7 (20.529.6); 1 =25 | p=0.942
O, pulse (ml) 8.7 (5.8;11.1; n=6 | 9.4 (7.8;14.0); n=25 | p=0.419
OUES [(L/min)/logl0] | 1.76 (0.90;2.05); n =6 | 1.79 (1.432.54); n=6 | p=0.314

EF ejection fraction; AVVI, atrioventricular valve insufficiency (0: none, 1: mild, 2:
moderate, 3: severe); Al, aortic valve insufficiency (0:none, 1:mild, 2:moderate, 3:
severe); EDVnorm, end-diastolic volume normalized; step according to the
protocol of the German Society of Pediatric Cardiology (DGPK) (15); VO,max,
peak oxygen consumption; OUES, oxygen uptake efficiency slope.

Bold values are the median.

*is statistically significant.

of al-antitrypsin in stool showed no differences, but in group 1 Q3
showed a higher range [group 1 0.1 mg/g (0.06;1.84) vs. group 2
0.12 mg/g (0.06;0.16)]. The spot urine samples showed no
differences between the groups (Supplementary Material Table S1).

Discussion

Functionally univentricular hearts encompass a variety of
different complex congenital malformations. Due to the absence
of a subpulmonary pumping chamber perfusion of the lungs is
achieved by anastomoses of the superior and inferior vena cava
with the pulmonary arteries (1-3). The driving force of the
pulmonary perfusion is based to a large extent on the central
venous pressure (CVP) which is always elevated in these patients
as well as the diastolic function of the systemic ventricle (3, 17).
While the Fontan circulation is functioning well in the majority
of patients during the first decade of life, morbidity increases in
the long-term follow-up (5, 18). Meanwhile there is evidence that
elevated CVP in patients with Fontan circulation has major
impact on the lymphatic system, resulting in impairment of the
lymphatic system both in the thorax and in the abdomen (8, 12).
Since these alterations have significant impact on quality of life
and life expectancy, the lymphatic system has come into the
focus of increasing diagnostic efforts during the recent years (7,
9, 12, 19). Heavily T2-weighted 3D FSE sequences have recently
been introduced as a noninvasive technique for visualization of
the lymphatic system (10, 13, 14). According to the data of our
this
noninvasive imaging of the thoracic lymphatic system in the

study technique can be successfully employed for
long-term follow-up of patients with functionally univentricular
hearts. In a previous study we already demonstrated a high
interobserver correlation in the assessment of the thoracic
lymphatic system with this noninvasive method (intraclass

correlation coefficient: pre 0.864 and 0.900; > 0.81) (14).
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600 1,200 6.0
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300 400
200 1.0 =0 500
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B . . " "
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50 50 126 50
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mgroup 1 (n=8) group 2 (n=25) mgroup 1 (n=8) group 2 (n=25) mgroup 1 (n=8) group 2 (n=24) mgroup 1 (n=8) group 2 (n=25) mgroup 1 (n=8) group 2 (n=23)
FIGURE 3
Laboratory parameters. (A) NT-pro-BNP group 1 212(92;775) ng/L vs. group 2 108(53;193) ng/L, IgG in group 1 732(130;1448) mg/dl vs. group 2 1170
(917;1315) mg/d|, total protein in group 6.6(3.6;7.5) vs. group 2 7.4(7.1;7.7) g/d|, platelets in group 1 202(150;325) vs. group 2 196(143;282) 1000/pl,
lymphocytes in group 1 1020(753;1593) vs. group 2 1360(965;1835) 1000/ul. (B) AST in group 1 32(26;53) vs. group 2 21(16;28) U/L, ALT in group 1 42
(33;47) vs. group 2 31(25;37) U/L, yGT in group 1 75(34;124) vs. group 2 63(39;93) U/L, lipase in group 1 26(21;33) vs. group 2 36(32;48) U/L,
calprotectin in stool in group 1 105(59;189) vs. group 2 24(24;33)ug/g expressed as median (Q1;Q3).

Little is known so far about the clinical relevance of morphologic
changes in the lymphatic system and their correlation with clinical
symptoms in patients following palliation by TCPC. Biko et al.
examined patients following SPCP as the ideally second step of
univentricular palliation (11). Patients with severe alterations of
the lymphatic system (characterized by increased abnormal signal
intensity in the supraclavicular regions extending into the
mediastinum and with interstitial pattern into the lungs) showed
significantly worse clinical outcomes following TCPC (11). To the
best of our knowledge our study is the first one correlating
findings of noninvasive imaging of lymphatic abnormalities in the
neck and thorax with clinical findings in the long-term follow-up
after TCPC (20). In accordance with Biko and Dori et al. we
compared patients with pronounced alterations of the lymphatic
system (group 1) with the patients with lower grades of lymphatic
anomalies (group 2).

In contradiction to the assumption that the Fontan circulation
gradually deteriorates over time patients with more pronounced
type 4 lymphatic abnormalities (group 1) had a significantly
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shorter median interval (10.4 years vs. 17.3 years) between
completion of the TCPC and the MRI-study. This cannot be
explained by a selection bias in favour of clinically symptomatic
patients, since MRI was offered to all Fontan patients during this
time period irrespective of clinical symptoms. Interestingly age at
the time of SCPC and age at the time of TCPC were lower
among patients with more pronounced lymphatic abnormalities
however without reaching statistical significance. Ten patients in
group 2 underwent the TCPC without preceding SCPC. The
shorter follow-up period in patients with more significant
lymphatic changes could be due to the fact that there was a
tendency in the last two decades to perform the SCPC at a
younger age. Several studies revealed that pulmonary artery
growth decreases significantly following establishment of a non-
pulsatile pulmonary circulation by creation of a cavopulmonary
connection (17, 21-23). Impaired pulmonary artery growth due
to non-pulsatile blood flow at an earlier age might result in
and CVP with
subsequent backlog to the systemic venous and lymphatic system

increased pulmonary vascular resistance
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(23, 24). Further studies on larger numbers of patients will be
required to clarify the fact, whether early establishment of
cavopulmonary connections might be detrimental in the long-
term outcome of these patients. Furthermore, it is not clear yet if
specific congenital anatomical variants of the lymphatic system,
especially in patients with univentricular hearts, might predispose
patients to more severe alterations in the long-term follow-up
(25, 26). Comparison of our groups regarding clinical symptoms
revealed that 50% of patients in group 1 showed symptoms of
PLE, as compared to 4% in group 2. This finding suggests that
lymphatic abnormalities in these patients may not be restricted
to the thorax but also include the abdomen. A history of ascites
and diarrhea representing possible signs of impaired abdominal
lymphatic circulation were observed more frequently in group
1. The incidence of plastic bronchitis in our patient group was
too low to allow statistical comparison of both subgroups.
Regarding laboratory parameters there were no significant
differences in NT-pro-BNP, total protein, IgG, lymphocytes or
platelets. While these differences did not reach statistical
significance the trends in our cohort are directed towards the
changes seen in patients with Failing Fontan circulation and PLE
(3). Group 1 patients showed significantly higher values for
calprotectin in the stool with 105 ug/g vs. 24 pg/g. Calprotectin
as a marker for inflammation gives a valid estimate of intestinal
inflammation, comparable with inflammatory bowel disease (27,
28). Miranda et al. found significantly higher values of fecal
calprotectin in Fontan patients with PLE (n=5) than in Fontan
patients without PLE (n=18) (27). The elevated values for
calprotectin in stool in group 1 of our cohort are in accordance
with the increased incidence of PLE among these patients. The
elevated values support the hypothesis that type 4 lymphatic
abnormalities in the neck and thorax represent severe affection
of the lymphatic system and represent markers for future
problems of imminent Failing Fontan circulation. Results in
echocardiographic and cardiac MRI parameters in our cohort
revealed no differences between both groups. This finding is
consistent with previous studies which were unable to detect
early functional parameters defining patients with predisposition
to a Failing Fontan circulation (24, 29). In our cohort patients of
group 1 showed some significant differences on treadmill CPET
as compared to patients of group 2. Patients with less
pronounced lymphatic abnormalities were able to achieve
significantly longer distances and higher steps in these tests.
However, there were no significant differences regarding the
VO,max, O, pulse and oxygen uptake efficiency slope (OUES),
but trends. While the former result would suggest a lower
exercise tolerance in patients with more pronounced lymphatic
abnormalities, we are unable to explain, the absence of a
significant difference in VO,max, which is considered as an
important parameter reflecting exercise tolerance. Possibly the
relatively small number of patients in group 1 may have
contributed to the absence of significant difference in this
parameter. Two patients in group 1 with poor exercise tolerance,
who reached only step 3 (distance 226 m and 290 m) of the
treadmill protocol, did not tolerate a mask. Therefore no
spirometric data were available in these patients. According to
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data from Gewillig et al. that patients with poorer Fontan
circulation are characterized by a significantly decreased exercise
capability (18). It is not possible to achieve an increase in cardiac
output in the Fontan circulation under exercise through an
increase in heart rate alone because of the absence of a
subpulmonary ventricle. The cardiac output is determined to a
large extent by the pulmonary vascular resistance (PVR) (18).
Increasing PVR is frequently observed in the long-term follow-up
after TCPC limiting the exercise capability of these patients. In
our cohort we were unable to correlate the lymphangiographic
and clinical findings with data from cardiac catherization since
not all patients underwent invasive testing within 12 months of
the cardiac MRI. However, the inferior clinical situation in
patients of group 1 is reflected by the fact that 5/8 patients in
this group received pulmonary vasodilative therapy contrary to
none of the 25 patients in group 2 (17, 18, 30).

In summary patients with pronounced abnormalities of the
thoracic and cervical lymphatic systems revealed more symptoms
of an imminent deterioration of the Fontan circulation.
According to these findings patients with TCPC and type 4
anomalies of the cervical and thoracic lymphatic system
according to Biko et al. should be considered as high-risk
patients for the development of a failing Fontan circulation
requiring careful follow-up in specialized centers. Since there are
no data yet on the timing of development of these changes of the
lymphatic system, serial examinations will be required to describe
the onset and the progress of these anomalies. Due to its
noninvasive nature isotropic highly resolved 3D T2-weighted
MRI appears to be a valuable tool to improve the understanding
of these anomalies.

Limitations of the study are due to the relatively small number
of patients. Examinations were performed at a single point in time
and are unsuitable to describe the timing of development and
progression of lymphatic abnormalities. In the study period all
patients who had routine cardiac MRI for evaluation of TCPC
were offered MRL making a selection bias unlikely. We are
unable however to exclude some bias which might originate from
a rather long follow-up period. While the results of this study do
not imply a causal relationship between type 4 lymphatic
these
abnormalities seem to represent another marker indicating

abnormalities and restrictions in exercise capacity,

unfavourable Fontan hemodynamics.

Conclusion

The heavily T2-weighted 3D FSE sequence is a noninvasive
MRI technique which can be performed without contrast agent
under free-breathing condition to visualize the thoracic and
cervical lymphatic system. In the long-term follow-up after
TCPC patients with severe thoracic and cervical lymphatic
abnormalities showed restrictions in exercise tolerance and
increased symptoms of compromised lymphatic circulation
including PLE and ascites. Further studies are required to clarify
the causality, onset and progress of these changes.

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1145613
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Hanser et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics committee Tiibingen, project number (873/
2017BO1) (Ethik-Kommission an der Medizinischen Fakultdt der
Eberhard-Karls-Universitit und am Universitatsklinikum Tiibingen).
Written informed consent to participate in this study was provided
by the participants’ legal guardian/next of kin. Written informed
consent was obtained from the patients or their legal representatives.

Author contributions

LS initiated the study. AH1 conducted the study. All authors
were in the collection of data and contributed
significantly to this study. AH1 and MH2 collected and analyzed
the data. AH1, MH1 drafted the manuscript. PM, MH2, AH2,
ME, FS, RK, JM, KN, JS, CS, LS revised the manuscript for
important intellectual content. All authors contributed to the

involved

article and approved the submitted version.

Funding

Mit Fordermitteln der deutschen Herzstiftung e.V. TUFF
Habilitation Grant of the Faculty of Medicine, University of
Tiibingen. This work was supported by grants from the Deutsche
Herzstiftung e.V., Gerd Killian-Award (to A.H.) and TUFF
Habilitation Grant of the Faculty of Medicine, University of
Tibingen (to A.H.). This work was supported by the Stiftung zur
Forderung der Erforschung der Zivilisationserkrankungen. We
acknowledge support by Open Access Publishing Fund of
University of Tiibingen.

Acknowledgments

We thank Dr. Daniel Leyhr for his statistical support.
We thank Dr. Winfried Baden for his advice on treadmill
CPET.

References

1. Fontan F, Baudet E. Surgical repair of tricuspid atresia. Thorax. (1971) 26
(3):240-8. doi: 10.1136/thx.26.3.240

2. Kreutzer G, Galindez E, Bono H, De Palma C, Laura JP. An operation for the
correction of tricuspid atresia. J Thorac Cardiovasc Surg. (1973) 66(4):613-21.
doi: 10.1016/S0022-5223(19)40598-9

3. Rychik J, Atz AM, Celermajer DS, Deal BJ, Gatzoulis MA, Gewillig MH, et al.
American Heart association council on cardiovascular disease in the Y, council on

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1145613

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.
1145613/full#supplementary-material.

Movie 1:

patient 2, 19 years, male, hypoplastic left heart syndrome (HLHS),
extracardiac conduit 20 mm, NYHA 3, PLE, pleural effusion, lymphatic
abnormalities type 4 having abnormal supraclavicular lymphatics with
extension both into the mediastinum and interstitial pattern into the lung
parenchyma; MIP 30 mm.

Movie 2:

patient 31, 13 years, female, double inlet left ventricle (DILV), extracardiac
conduit 18 mm, NYHA 4, PLE, pleural effusion, lymphatic abnormalities
type 4 having abnormal supraclavicular lymphatics with extension both
into the mediastinum and interstitial pattern into the lung parenchyma,
tortuous duct; MIP 30 mm.

Movie 3:

patient 17, 31 years male, pulmonary atresia with an intact ventricular
septum, hypoplastic right heart, intraatrial conduit, NYHA 1, no PLE,
lymphatic abnormalities type 3 having abnormal supraclavicular region
with extension to the mediastinum; MIP 30 mm.

Movie 4:

patient 28, 32 years, male, tricuspid atresia, hypoplastic right heart, intraatrial
tunnel, NYHA 2, no PLE, lymphatic abnormalities type 2 having abnormal
increased lymphatic channels within the supraclavicular region without
extension to the mediastinum; MIP 30 mm.

Movie 5:

patient 1, 20 years, male, atrioventricular septal defect, malposition of the
great arteries, right isomerism, NYHA 1, no PLE, lymphatic abnormalities
type 1 having little or no presumed lymphatic channels within the
supraclavicular region and mediastinum; MIP 30 mm.

C, stroke N. Evaluation and management of the child and adult with fontan
circulation: a scientific statement from the American heart association. Circulation.
(2019) 140:e234-€84. doi: 10.1161/CIR.0000000000000696

4. Plappert L, Edwards S, Senatore A, De Martini A. The epidemiology of persons
living with fontan in 2020 and projections for 2030: development of an
epidemiology model providing multinational estimates. Adv Ther. (2022) 39
(2):1004-15. doi: 10.1007/s12325-021-02002-3

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2023.1145613/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1145613/full#supplementary-material
https://doi.org/10.1136/thx.26.3.240
https://doi.org/10.1016/S0022-5223(19)40598-9
https://doi.org/10.1161/CIR.0000000000000696
https://doi.org/10.1007/s12325-021-02002-3
https://doi.org/10.3389/fcvm.2023.1145613
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Hanser et al.

5. Pundi KN, Johnson JN, Dearani JA, Pundi KN, Li Z, Hinck CA, et al. 40-Year
Follow-Up after the fontan operation: long-term outcomes of 1,052 patients. | Am
Coll Cardiol. (2015) 66(15):1700-10. doi: 10.1016/j.jacc.2015.07.065

6. Poh CL, d'Udekem Y. Life after surviving fontan surgery: a meta-analysis of the
incidence and predictors of late death. Heart Lung Circ. (2018) 27(5):552-9. doi: 10.
1016/j.h1c.2017.11.007

7. Dori Y, Keller MS, Rome JJ, Gillespie MJ, Glatz AC, Dodds K, et al. Percutaneous
lymphatic embolization of abnormal pulmonary lymphatic flow as treatment of plastic
bronchitis in patients with congenital heart disease. Circulation. (2016) 133
(12):1160-70. doi: 10.1161/CIRCULATIONAHA.115.019710

8. Itkin M, Piccoli DA, Nadolski G, Rychik J, DeWitt A, Pinto E, et al. Protein-
Losing enteropathy in patients with congenital heart disease. ] Am Coll Cardiol.
(2017) 69(24):2929-37. doi: 10.1016/j.jacc.2017.04.023

9. Smith CL, Liu M, Saravanan M, Dewitt AG, Biko DM, Pinto EM, et al. Liver
lymphatic anatomy and role in systemic lymphatic disease. Eur Radiol. (2022) 32
(1):112-21. doi: 10.1007/500330-021-08098-2

10. Dori Y. Novel lymphatic imaging techniques. Tech Vasc Interv Radiol. (2016) 19
(4):255-61. doi: 10.1053/j.tvir.2016.10.002

11. 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(3):774-80. doi: 10.1148/
radiol.2019180877

12. 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(2):426-31. doi: 10.2214/AJR.13.11797

13. Takahashi H, Kuboyama S, Abe H, Aoki T, Miyazaki M, Nakata H. Clinical
feasibility of noncontrast-enhanced magnetic resonance lymphography of the
thoracic duct. Chest. (2003) 124(6):2136-42. doi: 10.1378/chest.124.6.2136

14. Hanser A, Martirosian P, Hornung A, Hofbeck M, Grosse U, Esser M, et al.
T2-Weighted high-resolution isotropic magnetic resonance lymphangiography of
the thoracic and abdominal lymphatic vessels with and without previous high-fat
meal. Acad Radiol. (2021) 28(Supplement 1):5218-524. doi: 10.1016/j.acra.2020.10.008

15. Dubowy KO, Baden W, Bernitzki S, Peters B. A practical and transferable new
protocol for treadmill testing of children and adults. Cardiol Young. (2008) 18
(6):615-23. doi: 10.1017/S1047951108003181

16. Riordan RD, Khonsari M, Jeffries ], Maskell GF, Cook PG. Pineapple juice as
a negative oral contrast agent in magnetic resonance cholangiopancreatography: a
preliminary evaluation. Br ] Radiol. (2004) 77(924):991-9. doi: 10.1259/bjr/
36674326

17. Gewillig M, Brown SC. The fontan circulation after 45 years: update in
physiology. Heart. (2016) 102(14):1081-6. doi: 10.1136/heartjnl-2015-307467

Frontiers in Cardiovascular Medicine

09

10.3389/fcvm.2023.1145613

18. Gewillig M, Goldberg DJ. Failure of the fontan circulation. Heart Fail Clin.
(2014) 10(1):105-16. doi: 10.1016/j.hfc.2013.09.010

19. Itkin MG, McCormack FX, Dori Y. Diagnosis and treatment of lymphatic plastic
bronchitis in adults using advanced lymphatic imaging and percutaneous embolization.
Ann Am Thorac Soc. (2016) 13(10):1689-96. doi: 10.1513/AnnalsATS.201604-2920C

20. Dittrich S, Weise A, Cesnjevar R, Rompel O, Ruffer A, Schober M, et al.
Association of lymphatic abnormalities with early complications after fontan
operation. Thorac Cardiovasc Surg. (2021) 69(S 03):e1-9. doi: 10.1055/s-0040-1722178

21. Gewillig M, Brown SC, Heying R, Eyskens B, Ganame J, Boshoff DE, et al.
Volume load paradox while preparing for the fontan: not too much for the
ventricle, not too little for the lungs. Interact Cardiovasc Thorac Surg. (2010) 10
(2):262-5. doi: 10.1510/icvts.2009.218586

22. Ovroutski S, Ewert P, Alexi-Meskishvili V, Holscher K, Miera O, Peters B, et al.
Absence of pulmonary artery growth after fontan operation and its possible impact on
late outcome. Ann Thorac Surg. (2009) 87(3):826-31. doi: 10.1016/j.athoracsur.2008.
10.075

23. Buheitel G, Hofbeck M, Tenbrink U, Leipold G, von der Emde ], Singer H.
Changes in pulmonary artery size before and after total cavopulmonary connection.
Heart. (1997) 78(5):488-92. doi: 10.1136/hrt.78.5.488

24. Unseld B, Stiller B, Borth-Bruhns T, du Bois F, Kroll J, Grohmann J, et al. An
early glenn operation may be associated with the later occurrence of protein-losing
enteropathy in fontan patients: association of early glenn and failing fontan. Pediatr
Cardiol. (2017) 38(6):1155-61. doi: 10.1007/500246-017-1632-7

25. van der Putte SC, van Limborgh J. The embryonic development of the main
lymphatics in man. Acta Morphol Neerl Scand. (1980) 18(4):323-35. PMID: 7211499

26. Saul D, Degenhardt K, Iyoob SD, Surrey LF, Johnson AM, Johnson MP, et al.
Hypoplastic left heart syndrome and the nutmeg lung pattern in utero: a cause and
effect relationship or prognostic indicator? Pediatr Radiol. (2016) 46(4):483-9.
doi: 10.1007/s00247-015-3514-6

27. Miranda C, Taqatqa A, Chapa-Rodriguez A, Holton JP, Awad SM. The use of
fecal calprotectin levels in the fontan population. Pediatr Cardiol. (2018) 39
(3):591-4. doi: 10.1007/s00246-017-1796-1

28. Rodriguez de Santiago E, Tellez L, Garrido-Lestache Rodriguez-Monte E,
Garrido-Gomez E, Aguilera-Castro L, Alvarez-Fuente M, et al. Fontan protein-
losing enteropathy is associated with advanced liver disease and a proinflammatory
intestinal and systemic state. Liver Int. (2020) 40(3):638-45. doi: 10.1111/liv.14375

29. Alsaied T, Bokma JP, Engel ME, Kuijpers JM, Hanke SP, Zuhlke L, et al. Factors
associated with long-term mortality after fontan procedures: a systematic review.
Heart. (2017) 103(2):104-10. doi: 10.1136/heartjn]-2016-310108

30. Van De Bruaene A, La Gerche A, Claessen G, De Meester P, Devroe S, Gillijns H,
et al. Sildenafil improves exercise hemodynamics in fontan patients. Circ Cardiovasc
Imaging. (2014) 7(2):265-73. doi: 10.1161/CIRCIMAGING.113.001243

frontiersin.org


https://doi.org/10.1016/j.jacc.2015.07.065
https://doi.org/10.1016/j.hlc.2017.11.007
https://doi.org/10.1016/j.hlc.2017.11.007
https://doi.org/10.1161/CIRCULATIONAHA.115.019710
https://doi.org/10.1016/j.jacc.2017.04.023
https://doi.org/10.1007/s00330-021-08098-z
https://doi.org/10.1053/j.tvir.2016.10.002
https://doi.org/10.1148/radiol.2019180877
https://doi.org/10.1148/radiol.2019180877
https://doi.org/10.2214/AJR.13.11797
https://doi.org/10.1378/chest.124.6.2136
https://doi.org/10.1016/j.acra.2020.10.008
https://doi.org/10.1017/S1047951108003181
https://doi.org/10.1259/bjr/36674326
https://doi.org/10.1259/bjr/36674326
https://doi.org/10.1136/heartjnl-2015-307467
https://doi.org/10.1016/j.hfc.2013.09.010
https://doi.org/10.1513/AnnalsATS.201604-292OC
https://doi.org/10.1055/s-0040-1722178
https://doi.org/10.1510/icvts.2009.218586
https://doi.org/10.1016/j.athoracsur.2008.10.075
https://doi.org/10.1016/j.athoracsur.2008.10.075
https://doi.org/10.1136/hrt.78.5.488
https://doi.org/10.1007/s00246-017-1632-7
https://pubmed.ncbi.nlm.nih.gov/7211499
https://doi.org/10.1007/s00247-015-3514-6
https://doi.org/10.1007/s00246-017-1796-1
https://doi.org/10.1111/liv.14375
https://doi.org/10.1136/heartjnl-2016-310108
https://doi.org/10.1161/CIRCIMAGING.113.001243
https://doi.org/10.3389/fcvm.2023.1145613
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Thoracic lymphatic anomalies in patients with univentricular hearts: correlation of morphologic findings in isotropic T2-weighted MRI with the outcome after fontan palliation
	Key points
	Introduction
	Materials and methods
	Study cohort
	MR-Examination
	Image analysis
	Statistical analysis

	Results
	Patients demographics, MRI scan and clinical history

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


