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Abstract

Background—Protein losing enteropathy (PLE) is a challenging complication after Fontan 

operation. Subclinical enteric protein loss may precede development of overt PLE. We evaluated 

the acute effects of Fontan circulation on enteric protein loss and mesenteric vascular resistance.

Methods—A prospective cohort study was performed evaluating enteric protein loss in children 

undergoing Fontan operation. Stool alpha-1-antitrypsin (A1AT) concentration was measured in the 

pre-operative, early post-operative, and intermediate post-operative (3–9 months) periods. The 

intestinal circulation was characterized by Doppler-derived resistance indices of the superior 

mesenteric artery, and serum albumin and protein levels were obtained.

Results—We enrolled 33 subjects at a median age at operation of 3.0 (2.5–3.3) years. No clinical 

PLE was observed. Six of the 93 stool A1AT samples obtained were elevated (>54 mg/dl), with 

two abnormal samples at each of the three time points. Two of the five subjects with elevated stool 

A1AT values had significant hemodynamic disturbances requiring intervention (junctional 

bradycardia or tricuspid stenosis). There was no difference in superior mesenteric artery resistance 

in the pre-operative versus early post-operative period (p=0.9). Serum albumin levels were lower 

in the early post-operative period compared to the pre-operative period (3.2 mg/dl [IQR 2.9–3.5] 

vs. 4.1 mg/dl [IQR 3.4–4.5], p=0.01) but did not correlate with abnormal stool A1AT 

concentration or superior mesenteric artery resistance indices.

Conclusions—The Fontan operation does not commonly result in acute development of 

increased enteric protein loss. However, increased enteric protein loss may occur in children 

before or after Fontan operation, particularly when hemodynamic disturbances are present.
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Approximately 4 to 13 percent of patients with single ventricle circulation develop protein 

losing enteropathy (PLE) weeks to years after the Fontan operation (1, 2). This abnormal 

loss of serum proteins into the gastrointestinal tract can result in a clinical state characterized 
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by peripheral edema, ascites, and effusions as well as disturbances in coagulation, the 

immune system, and growth (3). Despite its significant morbidity and mortality, the 

pathophysiology of and time course for development of PLE is incompletely understood. 

While a subclinical state of PLE has been described in adults with Fontan circulation (4), 

and children with Fontan circulations have elevated resistance of their mesenteric 

vasculature (5), these have not been well studied in children before and early after the 

Fontan operation. We sought to determine the acute effects of Fontan circulation on enteric 

protein loss and mesenteric vascular resistance. We hypothesize that a preclinical state of 

PLE may exist in which children have abnormal enteric protein loss without significant 

depletion of serum protein levels and the clinical manifestations of PLE.

PATIENTS AND METHODS

A single center, prospective, longitudinal cohort study was performed at the Children’s 

Hospital of Philadelphia (Philadelphia, PA). Subjects were enrolled from 8/30/13 – 11/5/14. 

The study was approved by the Children’s Hospital of Philadelphia Institutional Review 

Board (IRB # 12-009574), and consent was obtained in all subjects.

Patient Selection

The institutional surgical database was screened for subjects who had completed superior 

cavopulmonary anastomosis surgery who had not yet undergone Fontan operation. The 

surgical schedule was then reviewed during the enrollment period to identify subjects 

presenting for Fontan operation. The families of subjects meeting inclusion and exclusion 

criteria were contacted for consent to participate.

Subjects were considered for inclusion if they were undergoing a Fontan procedure, had a 

prior superior cavopulmonary anastomosis, and were age 1–5 years. The age limitation was 

imposed as children far outlying the typical age of this palliation were thought not to 

represent the typical population of children scheduled for Fontan. Subjects were excluded if 

they already had a clinical diagnosis of PLE prior to the Fontan surgery, had a known 

condition causing abnormal serum protein levels prior to Fontan surgery (including synthetic 

liver dysfunction, inflammatory bowel disease, or renal protein loss such as nephrotic 

syndrome), or who no longer had Fontan physiology due to surgical or catheterization take-

down of the Fontan circulation or cardiac transplantation. Additionally, a small subset of 

subjects who failed to provide adequate stool samples was excluded from the analysis.

Study Design

The medical records of consented and enrolled subjects were reviewed for demographic, 

treatment, echocardiographic, catheterization, magnetic resonance imaging (MRI) and 

surgical data. Families were also requested to complete a questionnaire to self-report family 

history of gastrointestinal disease. To longitudinally investigate the impact of the Fontan 

operation on enteric protein loss, subjects were evaluated at the following time points:

1. Pre-operative: Between superior cavopulmonary surgery to the Fontan operation.
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2. Early post-operative: Five to 30 days after Fontan operation. All subjects met the 

following criteria for stability and adequate enteric intake: spontaneous respiration, 

not receiving inotropic support, taking enteric feeds, and stooling, with at least one 

formed bowel movement produced prior to collection of the study sample. Subjects 

had to be at least five days post-operative as there are reports that gut permeability 

and absorption return to normal after bypass by this time frame. (6)

3. Intermediate post-operative: Three to nine months after Fontan operation.

Enteric protein loss was evaluated through stool alpha-1-antitrypsin (A1AT) concentration at 

all three time points. Doppler-derived resistance indices of the superior mesenteric artery 

(SMA) and serum albumin and total protein levels were obtained at the pre-operative and 

early post-operative time points.

Stool Alpha-1-Antitrypsin (A1AT)

Stool samples were analyzed for A1AT concentration by the Mayo Medical Laboratories 

(Rochester, MN). Increased stool A1AT concentration has been shown to be diagnostic for 

abnormal enteric protein loss (7–11). A cut off of > 54 mg/dL was used for abnormal, as 

derived by the Mayo clinical laboratory. Two prior studies revealed stool A1AT 

concentrations of 17.2 mg/dL or 26.8mg/dL to be two standard deviations from the mean of 

healthy controls (8, 12).

Superior Mesenteric Artery Doppler Analysis

The technique for SMA Doppler assessment has been previously described (5). Subjects 

were requested to receive nothing by mouth for at least four hours prior to study except for 

clear liquids up to two hours prior. Using a S5-1 or S8-3 transducer on the Philips iE33 or 

Philips CX-50 ultrasound machine (Philips corporation, Andover, MA), the abdominal aorta 

was identified and the superior mesenteric artery (SMA) was located as the second vessel 

arising from the aorta caudal to the diaphragm. A pulse wave Doppler sample was placed at 

the origin of the SMA from the descending aorta, and tracings with a simultaneous 

electrocardiogram were recorded. Peak systolic and diastolic velocities were measured and 

the average of two beats recorded. The resistance index (RI) of Pourcelot (RI = [S − D]/S) 

was calculated, where S is peak systolic velocity and D is end diastolic velocity.

Statistical Analysis

Data were evaluated for normality with Shapiro-Wilk. Descriptive statistics were expressed 

as count (percentage) or median (interquartile range). Serum albumin and total protein as 

well as SMA Doppler indices between the pre-operative and early post-operative time points 

were compared with the Wilcoxon signed rank test. Linear regression was used to test the 

association between serum albumin and total protein levels with SMA resistance indices. 

Chi-square test and Kruskal-Wallis equality-of-populations rank test were employed to 

evaluate categorical and continuous variables, respectively, between subjects with any 

abnormal stool A1AT sample and subjects with all normal A1AT. Significance was reached 

for P values < 0.05. All statistical analyses were performed with STATA software (version 

12.1, StataCorp, College Station, Texas).
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RESULTS

Patient Population

A total of 60 children were identified to undergo Fontan operation during the study period 

(Figure 1). Five children were excluded due to age, and the remaining 55 were approached 

for consent, which was obtained in 41 subjects. Of these, one subject withdrew due to family 

preference. Four subsequently were excluded as two had Fontan operation postponed beyond 

the study time period, one had a Fontan takedown, and one had cardiac transplantation. 

Three subjects were also excluded from analysis due to failure to provide any stool samples. 

The remaining 33 subjects were included in analysis.

Patient Characteristics

As summarized in Table 1, the population was predominantly male (n=28, 85%) with a 

median age at surgery of 3.0 years (2.5–3.3). Twenty-four patients (73%) had dominant right 

ventricle. Most patients (n=31, 93%) underwent extracardiac conduit type Fontan 

procedures, and all patients received a 4mm fenestration. Nine subjects (27%) had prior 

gastrointestinal surgery. Three had mothers and one had a father with irritable bowel 

syndrome; the father was being evaluated for inflammatory bowel disease. There were no 

first-degree relatives reported to have inflammatory bowel disease, celiac disease, or other 

gastrointestinal condition.

Alpha-1-Antitrypsin Level Findings and Clinical Conditions

There were 32 stool A1AT samples obtained at each the first and second time points, and 29 

stool A1AT samples obtained at the third time point. Of the total 93 stool samples analyzed, 

there were six abnormal stool A1AT samples (>54mg/dL), with two abnormal values 

identified at each time point. There were five subjects with an abnormal stool A1AT value 

(designated A–E, Table 2).

Of the 33 subjects in the cohort, only subjects A and C required additional procedures at the 

time of Fontan operation (pacemaker placement for junctional bradycardia in subject A and 

tricuspid valvuloplasty in subject C). Additionally, subject C was one of two subjects 

requiring reoperation after the Fontan operation (the other subject, who underwent a 

mediastinal exploration and further suturing of conduit anastomosis due to bleeding had 

normal stool A1AT samples at all time points). Subject C, despite tricuspid valvuloplasty 

during Fontan operation, underwent tricuspid valve replacement between early and 

intermediate post-operative time points for continued tricuspid valve regurgitation and 

stenosis (16mmHg a wave to end diastolic pressure gradient and 11mmHg mean gradient 

during catheterization). This re-operation was followed by four days of extracorporeal 

membrane oxygenation, and subsequent catheterization in which balloon dilation of Fontan 

fenestration was performed demonstrated continued low cardiac output (Qs 2.3L/min/m2) 

with right ventricular dysfunction and elevated Fontan pressures (24mmHg) after 

intervention. Finally, while subject E had no obvious hemodynamic derangements at the 

time of Fontan operation, he had the most complicated gastrointestinal surgical history of the 

cohort consisting of repaired tracheoesophageal fistula and necrotizing enterocolitis 

requiring bowel resection.
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Comparisons between Subjects with Abnormal versus Normal Stool A1AT Samples

There was no difference in the gender distribution, age at Fontan, age at second stage 

operation, or feeding type between subjects with an abnormal A1AT sample at any time 

point and subjects with all normal samples. Additional examination of pre-Fontan 

catheterization data demonstrated that subjects with abnormal stool A1AT samples had a 

trend to higher median pulmonary artery pressures (12 mmHg [10.5–16] vs. 9.5 mmHg 

[9.0–11.0], p=0.08) and lower median superior vena cava saturation (58% [56–67] vs. 67% 

[64–72], p=0.09). However, there was no difference in pre-Fontan catheterization systemic 

saturation, systemic ventricle end diastolic pressure, or pulmonary vascular resistance. 

Finally, there was no difference in pre-Fontan MRI pulmonary blood flow, collateral burden, 

or volume of inferior vena caval blood return.

Superior Mesenteric Artery Doppler Indices

Superior mesenteric artery Doppler-derived resistance indices were not significantly 

different in the pre-operative (0.84 [0.83–0.88]) and early post-operative (0.83 [0.78–0.86]) 

time points for all subjects. There was no significant difference between SMA resistance 

indices at the pre-operative (p=0.9) or early post-operative (p=0.2) point between subjects 

with all normal and any abnormal stool A1AT samples.

Serum Albumin and Protein Levels

The serum albumin levels were lower in the early post-operative time point compared to the 

pre-operative time point (3.2 mg/dl [2.9–3.5] vs. 4.1 mg/dl [3.4–4.5], p=0.009). There also 

was a trend towards lower serum protein levels (5.8 mg/dl [5.4–6.3] vs. 6.6 mg/dl [5.7–7.0], 

p=0.07). There was no significant difference in serum albumin or protein levels between 

subjects with all normal and any abnormal stool A1AT samples at the pre-operative (p=0.8 

for albumin and p=0.7 for protein) or early post-operative (p=0.4 for both albumin and 

protein) time point. There was also no correlation between serum albumin and protein level 

and SMA resistance indices at the pre-operative (p=0.9) or early post-operative (p=0.4) time 

points.

COMMENT

The time course for development of PLE in association with Fontan operation and the 

prevalence of abnormal enteric protein loss as a possible precursor to clinical PLE in 

children with single ventricle type congenital heart disease are unknown. In this 

longitudinal, prospective investigation, we found that increased enteric protein loss is not 

common after Fontan operation, but can occur in patients both before and after Fontan 

operation. Indeed, five of 33 subjects had abnormal stool A1AT samples either before, early 

after, or at an intermediate time point (3–9 months) after Fontan operation. Additionally, our 

findings suggest that hemodynamic derangement may predispose subjects toward having 

abnormal stool A1AT samples; both of the two children in this study requiring additional 

procedures with their Fontan operation and one of the two children requiring repeat 

operation post-Fontan had abnormal stool A1AT samples. Having significant gastrointestinal 

pathology may also, when compounded with single ventricle physiology, lead to abnormal 

stool A1AT samples, as the one subject with surgical repair of trachoesophageal fistula and 
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necrotizing enterocolitis had an abnormal stool A1AT sample. Our findings support the 

hypothesis that children with single ventricle type of congenital heart disease may have 

inherently altered intestinal physiology, perhaps due to decreased cardiac output and 

splanchnic perfusion or due to abnormal intestinal lymphatics either as part of the congenital 

malformation itself or acquired during early palliative intervention (13). We hypothesize that 

children with single ventricle type of congenital heart disease remain in a state of acute 

compensation, even before Fontan operation. Hemodynamic or gastrointestinal insult may 

alter this delicate balance and lead to abnormal enteric protein loss.

Previous work performed over two decades ago was suggestive of early Fontan 

postoperative enteric protein loss in a subset of patients. Davis et al found that 26 patients 

had normal stool A1AT concentration (range 4–29 mg/dL, mean 12.9mg/dL) 2 to 8 weeks 

after the operation, but one patient had transient PLE symptoms and abnormal A1AT stool 

concentration (247mg/dL) when re-evaluated 2 to 4 months post-operatively (14). Caution 

must be taken in applying these results to the modern single ventricle cohort as children in 

the study underwent strict candidacy selection for surgery, had classic atriopulmonary 

Fontan operation with no prior superior cavopulmonary anastomosis, were predominately 

morphological single left ventricles, and underwent operation at a median age of 8.7 years.

Another study by Fujii et al in 2003 evaluating early enteric protein loss was also suggestive 

of occasional enteric protein loss after Fontan operation (12). Compared to 12 control 

patients, 12 Fontan patients had significantly higher stool A1AT concentration (17.3 ± 7.8 

mg/dL vs. 10.0 ± 3.6 mg/dL, p<0.01) 12 to 43 months after the Fontan operation. The stool 

A1AT concentration increased significantly when re-evaluated 14 to 20 months thereafter 

(37.2 ± 26.2 mg/dL, p<0.01). The non-uniform sampling of time points in this study 

complicates the interpretation of these results. Neither of these studies evaluated pre-Fontan 

enteric protein loss with longitudinal follow up into the postoperative period

Enteric protein loss has been studied in adults many years after Fontan operation. Thorne et 

al. found that nine of 20 (45%) of Fontan subjects had abnormal stool A1AT samples, but 

only one had clinical evidence of PLE (4). Findings from our study suggest that this 

subclinical state may also exist to a degree before or early after the Fontan operation, but 

appears less common in young children than adults. Enteric protein loss may be due to a 

combination of intrinsic factors compounded by the imposition of elevated venous pressures 

following inferior cavo-pulmonary anastomosis with duration of Fontan circulation as an 

additional variable. Further investigations with serial longitudinal evaluation would be of 

great value in determining the time course of enteric protein loss development in the ensuing 

years after Fontan operation.

We were curious to evaluate for a possible association between altered mesenteric blood 

flow and enteric protein loss in our population. Fontan operation, which results in a relative 

decrease in cardiac output and increase in central venous pressure, is associated with 

changes in mesenteric circulation. Patients with abnormal enteric protein loss have been 

found to have lower mesenteric-to-celiac artery flow ratio on abdominal Doppler 

ultrasonography (15). Additionally, mesenteric vascular resistance is elevated after the 

Fontan operation compared to control patients as determined by the Doppler derived 
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resistance indices of the SMA, and this difference may be even more significant in patients 

with Fontan and clinical PLE than in those with Fontan physiology but no PLE (5). 

Reduction in mesenteric resistance through sildenafil therapy has led to elimination of PLE, 

further supporting the notion that in part, enteric protein loss is related to mesenteric 

hemodynamics after Fontan operation (16).

We hypothesized that the inferior cavopulmonary anastomosis with acute imposition of 

Fontan circulation would increase mesenteric resistance. The finding of no significant 

change in mesenteric resistance before and in the days after the Fontan operation is 

intriguing. It is possible that the alteration in mesenteric resistance occurs in the weeks to 

months after the operation, and an increased resistance may be seen later after the Fontan 

operation as an accommodative process with the progression of time. As the resistance 

indices of the SMA in our subjects are comparable to those seen in older children after the 

Fontan operation (5), it is also possible that the single ventricle defect and Glenn physiology 

are inherently related to increased vascular resistance even before the Fontan operation. 

Higher preoperative SMA resistance values could explain the lack of significant change 

postoperatively.

Our examination of serum albumin and protein before and after the Fontan operation 

revealed that serum albumin and protein levels decreased after the Fontan operation. Low 

albumin levels may be due to the inflammation and volume resuscitation in the post-

operative period. They also may be due to increased loss in pleural effusions or perhaps 

mildly decreased synthesis. Given that most subjects had normal stool A1AT samples, the 

protein and albumin loss does not appear to be mediated by gastrointestinal loss.

Indeed, the notion that end-organ dysfunction may commence acutely after imposition of the 

Fontan circulation has been proposed in other organ systems. In a longitudinal study, 

investigators found an acute change in specific coagulation factors early after Fontan 

operation (17). This may occur either through the mechanism of an acute impact on hepatic 

synthetic function, or perhaps through selective loss.

Limitations

There are several limitations to this study. We opted to use a single, random stool A1AT 

value rather than a 24 hour stool collection in order to optimize compliance and subject 

convenience; however, studies have shown good correlation between the random single stool 

value and A1AT clearance levels (7, 8). Additionally, the commercial laboratory analyzing 

our stool A1AT samples was unable to provide accurate quantitative values for normal 

samples and prevented analysis of subtle enteric protein loss. We also did not have a separate 

control group of children analyzed, partially due to the difficulty of finding a similarly aged 

sample of children undergoing bypass surgery. However, the subjects were compared by 

matched pairs at various time points, and laboratory and published data was referenced for 

the normal range of A1AT stool concentration. Finally, we were unable to obtain SMA 

resistance indices for the intermediate post-operative time point, which may have elucidated 

any changes that occur after recovery from the Fontan operation.
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Conclusion

Imposition of the Fontan circulation does not regularly result in increased early enteric 

protein loss. Instead, increased enteric protein loss may occur before or after Fontan 

operation, particularly when hemodynamic disturbance is present. This is suggestive that 

abnormal enteric protein loss may be inherently associated with single ventricle type 

congenital heart disease, and not solely a consequence of the physiology following Fontan 

operation. Prospective, longitudinal assessment of the stool of patients at various stages of 

palliation and follow-up after Fontan operation as part of a comprehensive program of 

evaluation or multi-center trial may be elucidative. Such an endeavor may provide insight as 

to who may develop full clinical PLE, perhaps allowing for initiation of early therapeutic 

strategies that may prove to be more effective in managing this challenging condition.
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Figure 1. 
Scheme of patient enrollment.
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Table 1

Patient Characteristics

Number of Subjects 33

Patient demographic data

Gender (female) 5 (15%)

Age at Fontan operation (years) 3.0 (2.5–3.3)

Age at Stage 2 operation (years) 0.38 (0.34–0.47)

Cardiac Diagnosis

Heterotaxy syndrome 2 (7%)

Common atrioventricular canal 3 (9%)

Ventricular morphology

  Right 4 (12%)

  Left 7 (21%)

  Both 2 (6%)

  Hypoplastic Left Heart Syndrome (HLHS) 20 (61%)

  Dominant right (HLHS + Right) 24 (73%)

Fontan type

  Extracardiac conduit 31 (93%)

  Lateral tunnel 1 (3%)

  Hepatic vein inclusion 1 (3%)

Gastrointestinal History

Feeding type

  All Oral 26 (79%)

  Oral and enteric 5 (15%)

  All enteric 2 (6%)

Prior Gastrointestinal surgery (any) 9 (27%)

  Gastric or jejunal tube 9 (27%)

  Fundoplication 4 (12%)

  Ladds procedure 1 (3%)

  Tracheoesophageal fistula repair 1 (3%)

  Surgical necrotizing enterocolitis 1 (3%)

Any gastrointestinal diagnosis in first degree
relative

4 (12%)

Time points Relative to Fontan Operation

Pre-Fontan: Days pre-operative 9 (2–46)
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Early Post-Fontan: Days post-operative 6 (5–8)

Intermediate Post-Fontan: Months post-
operative

4.4 (3.9–6.4)
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Table 2

Clinical description of subjects with abnormal stool alpha-1-antitrypsin (A1AT) values.

Subject Pre-Fontan
A1AT

Early Post-Fontan
A1AT

Intermediate Post-Fontan
A1AT

Clinical History

A 61 mg/dL Normal Normal Junctional
bradycardia

B 81 mg/dL Normal Normal Well

C Normal 123 mg/dL 71mg/dL Tricuspid valve
stenosis and
regurgitation

D Normal 55 mg/dL Normal Well

E Not
performed

Normal 64 mg/dL Well. History of
repaired
tracheoesophageal
fistula and
necrotizing
enterocolitis with
bowel resection
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