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ABSTRACT

Background: Patients born with a single ventricle circulation commonly experience growth failure in early life,
which is associated with adverse outcomes in infancy. However, associations between bodyweight or weight tra-
jectory and clinical outcome post-Fontan procedure are yet to be determined. Methods: On the 1st of July 2021, a
systematic review was performed in MEDLINE, EMBASE, the Cochrane Library, and Scopus of studies of patients
with clinical outcome data post-Fontan procedure and association with bodyweight. Quality of studies was eval-
uated by Newcastle–Ottawa scale for cohort studies and Joanna Briggs Institute tool for cross-sectional studies.
Results: Of 527 studies that underwent title and abstract screening, 15 were selected for final review. An increased
risk of adverse post-Fontan outcomes was found for low weight patients, consistent with findings in infants.
Whilst there is some evidence to suggest increased mortality in overweight adult patients, studies are conflicting
as to whether overweight status is associated with increased heart failure. Increased BMI is associated with dimin-
ished exercise capacity and deceased physiological functioning. Negative weight trajectory is associated with
adverse outcomes in the peri-Fontan period, whereas a positive weight trajectory is associated with increased Fon-
tan failure in adulthood. Abnormal BMI (high or low) is associated with increased heart failure and poorer per-
formance in quality-of-life scores. Conclusions: Bodyweight is a modifiable risk factor for poor clinical outcome
in patients with a single ventricle circulation. Recognizing associations between bodyweight and Fontan patho-
physiology may help to define patient-centered exercise and diet interventions that minimize patient morbidity
and mortality.
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1 Introduction

Patients born with single ventricle (SV) cardiac defects may survive into adulthood after undergoing a
series of palliative surgical procedures in early life [1–3]. This process often begins with a procedure in early
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infancy that stabilizes pulmonary blood flow and normalizes output from the SV (for example, pulmonary
artery banding, systemic to pulmonary artery shunt, or a Norwood procedure). Subsequent procedures
during childhood include superior cavopulmonary connection and Fontan completion, which result in all
systemic venous blood being passively diverted to the pulmonary arteries [3–5]. Although this staged
palliation has dramatically improved survival, patients are still subject to significant early and late
morbidity and mortality [1,4,6].

Infants born with SV defects are at risk of growth failure in early life [7–13]. Possible factors
contributing to growth failure include increased baseline energy demands, reduced nutritional input,
malabsorption, and sequelae of prematurity or genetic syndromes [8,11–17]. Although early life growth
failure has been consistently linked with increased morbidity and mortality during infancy [18–23], its
relationship with long-term Fontan outcomes remains unclear.

By contrast, a rising prevalence of obesity has been observed in children and adults with complex
congenital heart disease (CHD) [24–30]. Factors contributing to this may include disease severity-based
activity restriction, as well as overcorrection of early life growth failure through standardized feeding
interventions [31–33]. In CHD, as in the general population, obesity is associated with modifiable risk
factors for coronary artery disease including hyperlipidemia and hypertension [34–37]. Features of the SV
circulation, such as reduced lung compliance, impaired diastolic function, and increased pulmonary
vascular resistance and ventricular mass, may compound any adverse consequences of obesity on
cardiovascular function [38–40]. However, some studies in patients with CHD have demonstrated lower
incidence of morbidity in those with high body mass index (BMI) compared to those with low or normal
BMI [35,41,42]. It is as yet unclear whether this association is also present in patients with SV defects.
Due to the potential risks of abnormal BMI on Fontan physiology, determination of ideal weight patterns
for SV patients is important for optimizing their care. In this way, clinicians can instigate appropriate
weight monitoring and interventions to minimize morbidity and mortality.

Therefore, we undertook a systematic review of existing literature to better understand the relationship
between relative bodyweight and clinical outcomes in patients with an SV circulation post-Fontan procedure.

2 Methods

The protocol was registered with the international prospective register of systematic reviews
(PROSPERO), in accordance with PRISMA-P guidelines (PROSPERO CRD42021272315) [43].

2.1 Participants
We included studies on human participants with all cardiac defects defined as ‘single ventricle’ that are

managed surgically with the Fontan procedure. These conditions included, but were not limited to, tricuspid
atresia, double outlet right ventricle, double inlet left ventricle, pulmonary atresia with VSD, congenitally
corrected transposition of the great arteries (ccTGA) (VA discordance and AV discordance), Ebstein’s
anomaly, atrioventricular septal defect (unbalanced AVSD or common AV valve), pulmonary atresia with
intact ventricular septum, and hypoplastic left heart syndrome. Studies on patients with congenital heart
disease of non-single ventricle type were excluded.

Only studies with outcome data post-Fontan completion were included. No age limitation was imposed.

2.2 Comparator
We included studies that compared outcomes based on weight relative to height (BMI, weight-for-

length), weight relative to age (weight-for-age), and weight change over time (change in either body
mass, weight-for-age, weight-for-length, or BMI). Studies were excluded if they only addressed
alternative measures of adiposity (for example body composition, adipose tissue mass, triglyceride levels)
without the relative weight measures, as detailed above.
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Studies that included patient weight prior to Fontan procedure were included if they examined clinical
outcome data post-Fontan completion.

2.3 Outcomes
Studies were excluded if the outcomes examined were a measure or surrogate measure of body

composition (for example, percentage body fat, waist circumference, blood lipid levels). All other
outcome measures were examined, including, but not limited to, mortality, heart transplant, Fontan
takedown, and physiological parameters such as maximum aerobic capacity, echocardiographic findings,
and measures of morbidity such as NYHA class, infection, and length of hospital stay.

2.4 Setting
No settings were excluded. No date restriction was imposed.

2.5 Language
Only studies published in English were included.

2.5.1 Search Strategy
We searched MEDLINE (OVID interface), EMBASE (OVID interface), the Cochrane Library (Wiley

Interface), and Scopus. Literature search strategies were developed using medical subject headings
(MeSH) and terms. The specific search strategies were developed in consultation with a Health Sciences
librarian experienced in the conduct of systematic reviews who was not otherwise associated with either
the project or the project team. Search strategies for MEDLINE and EMBASE are included in
Appendixes A and B. These were adapted for the syntax and subject headings of other bibliographic
databases (see Appendixes C and D).

To ensure literature saturation, we also reviewed reference lists of included studies.

2.5.2 Selection Process
Screening of titles and abstracts was performed independently by two reviewers (EP and TW) in

duplicate for eligibility, as per the inclusion criteria outlined above. Full text reports for the identified
studies were assessed for eligibility against the inclusion and exclusion criteria by two reviewers
independently, any disputes were resolved by consensus with a third reviewer (JA), and authors were
contacted for missing data whenever possible.

2.6 Data

2.6.1 Data Management
Literature search results were uploaded to Covidence (Veritas Health Innovation), an Internet-based

software program that aids reviewers in collaborating during study selection [44]. Citation titles and
abstracts were uploaded to Covidence.

2.6.2 Data Collection
Data extraction was performed by the primary reviewer. Data collected included study features (setting,

study type, funding sources, information for risk of bias) and data features (patient demographic information
and baseline characteristics, methodology, weight comparators, all reported clinical outcomes, and suggested
mechanism of association between weight and outcome).
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2.6.3 Data Synthesis
Data from the included publications were organized by bodyweight category of focus, and tabulated.

Pooling of results through meta-analysis was not performed due to the limited study number and high
inter-study heterogeneity [45]. Thus, a narrative synthesis of results was performed.

2.7 Critical Appraisal Assessment
The quality of cohort studies was assessed by the Newcastle–Ottawa Quality Assessment Scale (NOS)

for non-randomized cohort studies. This scale is applicable to the type of study relevant to this review and
is supported by use in previous systematic reviews [46–48]. In addition, for cross-sectional studies, the
quality was assessed by the Joanna Briggs Institute (JBI) Critical Appraisal tool for analytical cross-
sectional studies [49].

Studies were not excluded from the review on the grounds of critical appraisal assessment.

3 Results

The online database search on the 1st of July 2021 identified 1,029 references, 496 of which were
removed as duplicates. No additional relevant publications were found in searching the reference lists of
included studies. The remaining 533 publications underwent title and abstract screening to select relevant
peer-reviewed articles according to the criteria above (Fig. 1). In total, 42 publications were sought for
full-text review. Of these, 14 were only available as an abstract, or could not be retrieved as a full text.
Of 28 full-text reports assessed for eligibility, 6 only examined BMI as a correlate of other measures of
adiposity/body composition, 6 publications had patient populations that did not meet inclusion criteria
and 1 did not report an outcome (Appendixes A–D). Thus, a total of 15 studies were included in the final
review, with 8 cross-sectional studies (Table 1) and 7 cohort studies (Table 2).

3.1 Study Characteristics
All studies were published from the year 2000 onwards, with 10 of the 15 total studies performed in the

last five years. When examining association with clinical outcomes, studies primarily examined high weight
class as a binary exposure. In line with the relative paucity of data, we elected not to undertake a meta-
analysis [45].

3.2 Risk of Bias
The quality of the 7 cohort studies included was evaluated using the Newcastle–Ottawa scale. All studies

achieved a score of 6/9 or above (Table S1). The 8 cross-sectional studies were evaluated using the JBI
critical appraisal tool, with all studies achieving a score of 6/8 or above (Table S2).

3.3 BMI-Associated Patient Factors
The studies in this review identified several factors positively associated with BMI [21,27,28,39,50–60].

As is supported in the broader population, increasing age in the adolescent and young adult populations was
generally strongly associated with increasing BMI, and age was thus often adjusted for in the analyses. BMI
z-scores (BMIz) were also found to increase with age for Fontan patients into adolescence and adulthood,
reflecting the trend towards correction of poor growth over time [56–58,60]. Other factors associated with
increased BMI included higher oxygen saturations [61], younger age at Fontan procedure [57], and left
ventricular dominance [60].
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Figure 1: PRISMA flowchart for inclusion of articles in systematic review

Table 1: Summary of cross-sectional studies

Study Participants Weight
comparator

Risk of
bias score

Participant
Number

Sex
(%
male)

Age, years
± SD

Age at
Fontan,
years

Age Since
Fontan, years
(range) or ±
SD

Mean BMI
kg/m2 (IQR)
or ± SD

Prevalence overweight
+ obese

Banks et al.
[50]

50 59 9 (range
6–12)

2.9 (range
1.6–9.1)

6.2 (1.4–9.6)
years

BMIz: 0.12
± 1.03

NR BMI 7

Callegari
et al. [51]

232 39.6 25.6 ±
10.8

NR 19.2 ± 7.93 20.76 ± 4.52 NR BMI 6

(Continued)
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3.4 Low Bodyweight

Table 1 (continued)

Study Participants Weight
comparator

Risk of
bias score

Participant
Number

Sex
(%
male)

Age, years
± SD

Age at
Fontan,
years

Age Since
Fontan, years
(range) or ±
SD

Mean BMI
kg/m2 (IQR)
or ± SD

Prevalence overweight
+ obese

Cohen et al.
[27]

544 58 11.9 ± 3.4 NR 8.4 ± 3.4 years BMIz: −0.6
± 1.5.

53 patients (10%) had
a BMIz <−1.5 (lower
BMIz), 45 patients
(8%) had a BMIz ≥ 1.5
(higher BMIz)

BMIz ≤
–1.5 and
BMIz � 1.5
(equivalent
to approx.
86.6%)
(CDC)

6

Mancilla
et al. [52]

210 57 11.07
(IQR: 8.3,
14.73)

2.56 (IQR
1.83, 3.27)

8.03 (4.73,
12.9)

BMIz: –0.12
(0.87, 0.58)

NR BMIz
(CDC)

7

Menon et al.
[53]

299 NR 13.9 (IQR
11.3,
16.1)

3 (IQR 2–4) NR NR 16% of
ntotal = abnormal BMI
9.12% of ntotal = BMI
> 95th %

BMI
(NHANES)
<5% or
>95%

6

Nanayakkara
et al. [54]

14 71.4 32 ± 9 NR NR 27.23 21.4% OB, 50% OW BMI 7

Wallace et al.
[28]

2747 61 3.0 (IQR
2.3, 3.6)

NR NR WHZ: −0.2
(−1.1, 0.7)
WAZ: −0.7
(–1.5, 0.1)

NR Weight-for-
age z-score
≤ –2

8

Weinreb et al.
[55]

265 63 12.8
(range
5.5–48)

2.6 (IQR
2.0–3.4)

NR BMI
percentile:
44 (17–
72)%

16% OW/OB BMI (CDC
categories)

6

Note: BMI: Body Mass Index. CDC: Center for Disease Control. NHANES: National Health and Nutrition Examination Survey. NR: Not reported.
OW: Overweight. OB: Obese. Risk of bias performed as per Joanna Briggs Institute (JBI) critical appraisal tool for cross-sectional studies.

Table 2: Summary of cohort studies

Study Participants Weight comparator Risk
of
bias
score

Participant
number

Sex
(%
male)

Age, years
± SD

Age at Fontan,
years (range)

Age Since
Fontan, years
(range)

Mean BMI,
kg/m2 (range)
± SD

Prevalence
overweight
+ obese

Byrne
et al. [56]

104 49 >18 No failure vs.
Failure: 4.0
(2.0–7.0) vs.
7.0 (5.0–13.0)

No failure vs.
Failure: 14.9
(13.0–16.3)
vs. 12.6 (6.7–
16.2) 0.21

No failure vs.
Failure: 21.6
(19.7–24.9)
vs. 22.4
(20.2–26.1)

10.6% OB Change in weight 9

Chung
et al. [57]

Adult = 129
Pediatric = 395

55 27.8 (IQR
6.8)

11.6 ± 9.4 NR 24.4 ± 9.5 OW or
OB = 38%
adults, 15%
teens

Pediatric: Weight-for-
length: OW >85%
percentile + obese
>95% Adult: CDC
BMI categories

8

Day et al.
[58]

Post-
Fontan = 65
Post-BDG = 54

58 NR 73 ± 10 NR (2–13) WAZ post-
Fontan = –1.4

NR WAZ Trajectory 6

(Continued)
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In contrast to studies of patients with a SV circulation in infancy, studies post-Fontan procedure largely
did not address clinical outcome in lower weight classes (Table 3) [7,28,39,51,52]. The studies that chose to
address low weight categories demonstrated an increased morbidity and mortality in low-weight patients. A
large, multicenter study conducted by Wallace et al. [28] found that, in 2747 patients, low weight-for-age z-
score (WAZ ≤ –2) at the time of Fontan completion was a significant predictor of in-hospital mortality
(P = 0.001) and Fontan failure—defined as combined in-hospital mortality and Fontan takedown/revision
(P < 0.001). In addition, in a study of 232 adult patients, Callegari et al. [51] found an association
between low BMI and reduced FEV1 on multiple regression analysis with adjustment for the presence of
chronic respiratory conditions (effect size not provided, P = 0.01). The clinical implications of this
finding were potentially significant given the association found between FEV1 and VO2max (r = 0.43, P
< 0.0001), physical functioning independent of exercise capacity (physical functioning (r = 0.25,
P = 0.008), and bodily pain (r = 0.22, P = 0.02) [51].

Table 2 (continued)

Study Participants Weight comparator Risk
of
bias
score

Participant
number

Sex
(%
male)

Age, years
± SD

Age at Fontan,
years (range)

Age Since
Fontan, years
(range)

Mean BMI,
kg/m2 (range)
± SD

Prevalence
overweight
+ obese

Freud
et al. [39]

139 57 23.2 (range
2.6–47.3)

5.6 (1.1–34.9) 16.9 (6.3–
30.7)

Mean
BMI = 0.09 ±
1.2

24% OW,
9% OB

<20yo = BMI
percentile: OW 85% +
OB 95% >20yo = BMI
≥ 30

7

Goldberg
et al. [59]

336 61 23.2 3.2 ± 1.6 NR NR 11% OB,
18% OW

BMI (CDC) 6

Lambert
et al. [60]

Start of
study = 546
10-year follow-
up = 362

60 Stage 1: 12
±
3.4 Follow-
up: 21 ± 3.5

NR NR 24.38 ± 4.81 OW or
OB = 41%
male, 33%
female

BMIz (CDC) 8

Martinez
et al. [61]

79 62 29.52 ±
8.85

NR 21.5 ± 8.9 26.8 ± 7.8 35% OWor
OB

BMI (CDC) 8

Note: BMI: Body Mass Index. CDC: Center for Disease Control. NR: Not reported. OW: Overweight. OB: Obese. WAZ: Weight-for-age z-score.
WLZ: Weight-for-length z-score. Risk of bias performed as per Newcastle–Ottawa critical appraisal tool for cohort studies. Data were extracted
on the following: study design, weight metric, participant characteristics (number, age, defect, surgical palliative stage), bodyweight class, and
outcome.

Table 3: Associations between low bodyweight and clinical outcome

Study Outcome

Wallace et al. [28] ↓ BMI ≈ ↑ mortality (OR 2.73 (1.09, 6.86)) (P = 0.03) ↓ BMI ≈ ↑ mortality,
transplant, takedown/revision, length of stay (OR 2.59 (1.24, 5.40)) (P = 0.01)

Mancilla et al. [52] No association between BMI and PLE

Cohen et al. [27] No association between BMI and PLE

Freud et al. [39] No association between BMI and PLE

Callegari et al. [51] ↓ BMI ≈ ↓FEV1 → ↓FEV1 ≈ ↓VO2max (effect size not provided, P = 0.01;
r = 0.43, P < 0.0001)

Note: BMI: Body Mass Index. PLE: Protein-Losing Enteropathy. FEV1: Forced Expiratory Volume. VO2max: Maximal oxygen consumption. ≈
associated with.
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Protein-losing enteropathy (PLE) has been associated with low weight class in infants with a SV
circulation prior to Fontan completion [17,59,61,62]. However, there was insufficient evidence to support
an association in this review of patients post-Fontan completion. Of the three studies that addressed PLE,
none found a significant association between PLE and weight class [27,39,52]. In the study by Mancilla
et al. [52] (n = 210, mean age 11.1 years), those with and without PLE did not have a statistically
significant difference in BMIz (–0.45 vs. –0.1, P = 0.58).

3.5 High Bodyweight

3.5.1 BMI, Mortality, and Heart Transplant
Studies revealed limited evidence of an association between obesity and transplant-free survival in post-

Fontan patients (Table 4) [39,60,61]. In the study of Martinez et al. (2016) (n = 79, mean age 29.52 ±
8.85 years) [61], there was an age-adjusted hazard ratio of 3.206 (95% CI, 1.096–9.379) per 1 kg/m2 unit
increase in BMI, where outcome was defined as mortality, heart transplant, or hospice care. However,
Lambert et al. (n = 546, mean age 12 ± 3.4 years at first visit) did not find a significant difference in
BMIz between survivors vs. patients who experienced mortality over the 10-year follow-up [60]. In
addition, in the study by Freud et al. [39], (n = 139, mean age 23.2 years), transplant-free survival was
not associated with overweight status (log-rank P = 0.20). The differences between these studies may
arise from the differing definitions of exposure to increasing BMI—continuous in the former and
categorical in the latter.

Table 4: Associations between high bodyweight and outcome

Study Mortality, heart failure, transplant Exercise capacity Physiology Other

Banks et al.
[50]

NR ↑BMI ≈↓submaximal
exercise score
Coefficient 1.61; P <
0.01

NR NR

Callegari
et al. [51]

NR ↑BMI ≈ ↓FEV1 (effect
size not provided,
P = 0.01)

↑BMI ≈↑SBP (Children
+ adolescents)
P < 0.001; P = 0.02

NR

Chung et al.
[57]

↑BMI ≈ ↓ heart failure adult
(OB/OW vs. Normal = 4% vs.
19%)
No association with heart
failure pediatric. No association
with heart transplant

NR NR NR

Cohen et al.
[27]

NR ↑BMI ≈ ↓ VO2mas
NW vs. high BMI: 67.9 ±
14.4 vs. 51.9 ± 15.3;
P = 0.002
↑BMI ≈↓Max work rate
NW vs. high BMI: 67.0 ±
15.2 vs. 50.8 ± 15.1;
P = 0.004
↑BMI ≈ ↓Max O2 pulse
NW vs. high: 88.8 ± 21.7
vs. 71.4 ± 24.3; P = 0.018

↑BMI ≈ ↑Ventricular
hypertrophy
NR; P = 0.027
↑BMI ≈↑SBP *
NW vs. high BMI: 107.9
± 13.3 115.6 ± 12.5;
P = 0.06
No association with
ventricular dysfunction
No association with AV
regurgitation

No association
found with PLE

Freud et al.
[39]

No association with transplant-
free survival NR; P = 0.2
No association with heart
failure

No association with
VO2max

NR No association with
length of hospital
stay. No association
with PLE

(Continued)
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3.5.2 BMI and Heart Failure
The literature is divided regarding the impact of higher BMI on heart failure in adults with a SV

circulation. In a study of 129 adults (>18 years, mean adult age not specified) with a Fontan circulation,
Chung et al. [57], found that overweight/obese (BMI ≥ 25) patients had lower rates of heart failure than
normal or underweight patients (8% vs. 19%; P = 0.03) [57]. They hypothesized that this finding might
relate to increased weight as a marker of positive nutritional balance, a sign of improved cardiac health,
or less severe disease. Freud et al. [39] found no association between BMI class and heart failure at the
time of Fontan conversion (no data provided).

By contrast, Martinez et al. [61] found that higher BMI was associated with a higher prevalence of
symptomatic heart failure. In 79 adult patients post-Fontan, they found that symptomatic (NYHA class
II–IV) patients had significantly higher BMI than asymptomatic patients (23.61 ± 4.77 kg/m2 vs. 28.11 ±
7.98 kg/m2, P = 0.004). Furthermore, patients with a higher diuretic requirement had a higher BMI than
those without (32.15 ± 9.12 kg/m2 vs. 30.91 ± 8.67 kg/m2, P = 0.004).

In examining potential factors explaining these divergent findings, the diagnosis of heart failure was
much less prevalent in the cohort reported by Chung et al. (18%) [57] compared with the older Fontan
cohort in Martinez et al. (50%) [61]. The higher prevalence of heart failure in the later study may imply

Table 4 (continued)

Study Mortality, heart failure, transplant Exercise capacity Physiology Other

Goldberg
et al. [59]

NR ↑BMI ≈ ↓VO2max

Best performers VO2max;
21% NW vs. 0% OW/OB

NR NR

Lambert et al.
[60]

No association with mortality
NR; P = 0.11

↑BMI ≈↓VO2max

>20years β = –1.25; P <
0.001

NR No association
found with QOL

Mancilla
et al. [52]

NR NR NR No association with
PLE

Martinez
et al. [61]

↑BMI ≈ ↑Mortality
HR: 1.065 per 1 kg/m2 unit
increase in BMI
↑BMI ≈↑NYHA class =
Symptomatic vs. asymptomatic;
23.61 ± 4.77 kg/m2 vs. 28.11 ±
7.98 kg/m2; P = 0.004
↑BMI ≈ ↑ death, transplant,
hospice*
HR: 3.206; P = 0.033
↑BMI≈ ↑Diuretic requirement
32.15 ± 9.12 kg/ m2 vs. 25.91
+/- 7.3 kg/m2; P = 0.009

NR NR NR

Nanayakkara
et al. [54]

NR NR NR ↑BMI in patients
with OSA
R = 0.7; P = 0.005

Weinreb et al.
[55]

NR ↑BMI ≈ ↓ VO2max

Effect size –3.12;
P = 0.002

NR NR

Note: AV: Atrioventricular. BMI: BodyMass Index. FEV1: Forced Expiratory Volume. NR: Not reported. NYHA: New York Heart Association. OSA:
Obstructive Sleep Apnea. PLE: Protein-Losing Enteropathy. SBP: Systolic Blood Pressure. VO2max: Maximal oxygen consumption. NW: Normal
weight. OB: Obese. OW: Overweight. QOL: Quality of Life. NW: Normal weight, OW: overweight, OB: Obese. ≈ associated with.
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reverse causality in older Fontan cohorts with more severe disease; namely, advanced heart failure being
associated with weight gain.

3.5.3 BMI and Exercise Capacity
The literature consistently demonstrates reduced exercise capacity in overweight and obese Fontan

patients compared to those of normal weight. In a study of 544 adolescent Fontan patients, Cohen et al.
[27] found a significant difference in percentage of predicted peak aerobic capacity (% predicted
VO2max) in overweight/obese vs. normal weight and underweight groups (BMIz ≤ –1.5: 68.2 ± 12.6;
−1.5 < BMIz < 1.5: 67.9 ± 14.4; BMIz ≥ 1.5: 51.9 ± 15.3, P = 0.002). Similarly, Weinreb et al. [55], in a
study of 265 Fontan patients (median age 12.8 (9.5–16.4) years), found that overweight/obese status was
significantly associated with lower VO2max compared to normal weight status (–3.12; P = 0.002, age-
adjusted). Further, in a study by Goldberg et al. [59] (n = 373, mean age 21.1 ± 3.3 years), a
disproportionate number of obese subjects were in the lowest performing tertile for VO2max and VO2 at
anaerobic threshold.

3.5.4 BMI and Other Physiological Parameters
Certain aspects of the SV circulation may make it specifically vulnerable to the pathophysiological

impacts of obesity, such as the high pulmonary artery pressure and volume overload [27,39,57,63–65].
Chung et al. [57] studied changes in increased afterload, or systolic blood pressure in Fontan patients
across the pediatric (n = 129) and adult (n = 395) age groups. In children, they noted significantly raised
systolic blood pressure in overweight/obese (BMI >85th percentile) compared with normal weight or
underweight patients (effect size not provided; P < 0.01 in 2–5 and 12–19 age groups). In a study of
paediatric SV by Cohen et al. [27], systolic blood pressure was higher in those with a BMIz >
1.5 compared to those whose BMIz was <1.5, although this difference was not statistically significant
(115.6 ± 12.5 mmHg vs. 102.93 ± 17.8 mmHg; P = 0.06). Cohen et al. [27] also found evidence of
ventricular hypertrophy in obese patients, measured as mass-to-volume ratio on echocardiography
(P = 0.027).

The implications of higher BMI on Fontan vascular physiology were also explored by Nanayakkara
et al. [54] in a study of Fontan patients with obstructive sleep apnea (OSA). The study compared seven
symptomatic patients (as defined by Epworth Sleepiness Score > 10) to seven asymptomatic patients
regarding prevalence of OSA by Apnea Hypopnea Index (AHI). In this study, BMI was closely
associated with AHI (R = 0.7, P = 0.005), with those who were symptomatic (daytime sleepiness) having
a BMI closer to the obese range (29.2 ± 6.5 kg/m2) whilst asymptomatic patients had a BMI in the high
normal range (24.9 ± 2.6 kg/m2). This has important clinical implications, as Fontan patients may be
more susceptible to long-term consequences of OSA including pulmonary hypertension and
tachyarrhythmias, although investigation of the physiological impacts of OSA in the SV population is
very limited to date [54]. The effects of OSA may be compounded by the inability of some Fontan
patients to safely tolerate positive pressure treatment of OSA due to the respiratory dependence on
pulmonary blood flow [66,67]. The small participant number in the study by Nanayakkara somewhat
limits broader interpretation of its findings, but highlights an important subset of patients, those with
OSA, to target for weight loss interventions.

3.6 Weight Trajectory and Outcomes
Comparison of studies examining association between trajectory of weight or BMI and outcomes is

difficult because of the underlying heterogeneity in the study populations, particularly in terms of average
age and BMI (Table 5). An increasing BMI post-Fontan in a patient who is already overweight could
have vastly different implications compared to increasing BMI that brings a patient into a ‘normal’
weight category.
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In a study of 65 Fontan patients (age range 2–13 years), Day et al. [58] found that heart transplant and
mortality were increased in patients who experienced negative change in WAZ > –1 over 2–13 years post-
Fontan completion (P < 0.01). This is in keeping with other research revealing increased morbidity and
mortality in poorly growing single ventricle patients in early life [18–21,23,28]. The average WAZ in this
population was –1.4, and therefore a relative slowing of weight gain in an already ‘underweight’
population may have stronger associations with poor clinical outcome compared to slower growth in the
general SV population.

Lambert et al. [60] studied serial BMIs of 362 post-Fontan patients over a 10-year period (mean age 21 ±
3.5 years at last follow-up). Under 20 years of age, the average BMI of this cohort was not significantly
different to CDC norms. In this age group, an increase in BMIz over the 10-year follow-up was
associated with decreased maximal exercise capacity (VO2max), though this finding was not statistically
significant (B = –2.02, P = 0.27). Contrastingly, for those who were over 20 years of age over the 10-
year study period, there was a significantly lower prevalence of overweight and obese patients compared
to CDC norms (effect size and P-value were not shown). In this age group, an increase in BMI from the
post-Fontan period to 10-year follow-up was also associated with decreased maximal exercise capacity
(VO2max) (B = –1.25, P < 0.001). In addition, these authors found no significant difference in change in
BMIz over a 10-year follow-up (mean age 12–21 years) between survivors and those who died
(P = 0.11). In this analysis, survivors had BMI approaching that of the general population, whilst those
who died maintained BMIz below population norms (z-score mean approximately –0.4). This perhaps
implies that adverse clinical outcomes have a greater association with underweight status.

Conversely, Byrne et al. [56], in a study of 104 adult patients (mean age not provided), focused on the
clinical implications of high weight gain post-Fontan. They found that increasing weight during adulthood
was independently associated with a combined endpoint of mortality, heart transplant, PLE, VO2 <50%, and
new use of a loop diuretic (HR 1.36, CI 1.07–1.73; P = 0.011).

Table 5: Associations between weight trajectory and outcome

Study Mortality Quality of life Decreased VO2max Combined EP

Byrne
et al.
[56]

NR NR NR Positive trajectory weight ≈ ↑ Fontan
failure: mortality, transplant, PLE, VO2

< 50%, new loop diuretic
HR 1.36; 95% CI 1.07–1.73; P = 0.011

Day
et al.
[58]

NR NR NR Positive trajectory WAZ ≈ ↓ death and
transplant
Rate of death and transplant 9.8% vs. 66%
of ↓ WAZ; P < 0.01

Lambert
et al.
[60]

No
association
with
mortality

No
association
with quality
of life

Positive trajectory
BMI ≈ ↓ VO2max
(>20yo)
Slope: −1.25 0.33;
P < 0.001
No association
with BMIz < 20yo

NR

Note: NR: Not reported. EP: Endpoint. NR: Not reported. VO2 < 50%: 50% of maximal oxygen consumption. QOL: Quality of Life. WAZ: Weight-
for-age z-score. ≈ associated with.
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3.7 “Abnormal BMI”
Menon et al. [53], in a study of 299 adolescent Fontan patients (mean age 13.9 years), defined ‘abnormal

BMI’ as either <5th or >95th percentile (CDC Growth Charts [67]). Approximately 16% of their study
population was found to have abnormal BMI—as opposed to roughly 10% of the US population (P <
0.0001)—with approximately half of these patients in each extreme of BMI class. These authors found
that abnormal BMI was associated with an increased risk of heart failure compared to patients with a
normal BMI (OR 10.9 (1.8, 124.3); P = 0.046).

3.8 Correlates with Measures of Quality of Life
In the study of Menon et al. [53], abnormal BMI was associated with lower quality of life scores

(Pediatric Quality of Life Inventory) (62.3 ± 17 vs. 72.5 ± 16.6; P < 0.001) and lower parent-reported
perceived physical appearance scores (72.2 ± 27.4 vs. 79.8 ± 21.5; P < 0.01). Other studies, however,
found no evidence of an association between BMI and quality of life [27,60]. In adolescents, Cohen et al.
[27] examined the association between higher BMI and functional health status through the Parent Report
form of the Child Health Questionnaire (CHQ) for physical and psychosocial wellbeing. The authors
found no difference in CHQ scores between high, normal, and low BMI classes (defined by BMI CDC z-
scores ≤–1.5 and >1.5, results not provided). Similarly, Lambert et al. [60] found no significant
association between BMIz (age ≤ 20) or BMI (age > 20) and Pediatric Quality of Life Inventory 4.0
(PedsQL) Generic Core Scales or physical function subdomain score (slope = –0.39, –0.32, respectively;
P = 0.58 and 0.15).

4 Discussion

4.1 Heterogeneity in Definitions of Relative Bodyweight and BMI Class
Comparison of the 15 studies—6 paediatric and 9 adults—was difficult due to heterogeneity of the study

populations (particularly mean age and BMI) and outcomes. In addition, there was heterogeneity in the
definition of weight classes or relative weight metrics. Many researchers used BMI for examining weight
relative to height. However, others used ‘weight-for-age’ or ‘weight-for-height’ z-scores (WAZ and WHZ,
respectively) [68–70]. Normative data for BMI also varied across studies with z-score or percentiles
generated from Center for Disease Control (CDC), World Health Organization (WHO) or the United
States National Center for Health Statistics reference populations.

4.2 Impact of Underweight on Adverse Outcome
A number of studies demonstrate adverse clinical outcomes faced by poorly growing infants born with

an SV circulation [27,28,39,52]. In this review, underweight status in SV children was associated with poor
outcome post-Fontan procedure [28,51]. However, no statistically significant association was found between
underweight and adverse outcomes in adulthood [27,39]. Therefore, the specific risks faced by underweight
adult Fontan patients are still unclear.

4.3 Impact of Overweight on Mortality and Heart Failure
The limited literature examining transplant-survival of overweight Fontan patients suggests a possible

increased risk of mortality faced by those with a high BMI [61], yet this is contradicted by studies
demonstrating no association [39,51]. Evidence is also unclear regarding the association between higher
bodyweight class and heart failure. Contrasting to findings of Martinez et al. [61], Chung et al. [57]
reported a decreased risk of heart failure in overweight compared to normal weight patients. Potential
reasons for this include higher weight status as a sign of positive nutritional balance and less severe
disease. Another suggestion is that this effect mirrors the “obesity paradox” in non-congenital heart
disease, by which abnormally high bodyweight is a risk factor for development of heart failure yet is
protective once a diagnosis of heart failure is established [71–73]. Improved prognosis for patients with a
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high BMI may be due to a relatively higher metabolic reserve, greater skeletal muscle mass, and beneficial
alterations in cytokines or adipokines [72–74].

4.4 Impact of Overweight on Physiological Parameters
The weight of evidence supports an association between overweight/obesity and reduced exercise

capacity in Fontan patients. These findings are potentially significant given the evidence of VO2 as a
predictor of mortality and heart transplant [61]. There is also evidence of higher systolic blood pressure
and ventricular hypertrophy in young overweight Fontan patients [28,56]. The effects of obesity mediated
by hypertension on the functional single ventricle require further evaluation. However, the described
associations are of potential concern given the high rates of systemic right ventricular dysfunction.

4.5 Completeness and Applicability of Evidence
Our systematic review indicates an association between BMI and a number of clinical outcomes

including mortality, exercise capacity, and physiological parameters. In particular, patients at the extremes
of BMI—both low and high—experience poor clinical outcome. The ease of performing BMI
assessments makes BMI an appealing prognostic tool.

However, BMI may misclassify adiposity in patients with a Fontan circulation. Several studies have
observed moderate to severe skeletal muscle mass deficit in Fontan patients [75–79], with a recent study
by Tran et al. [75] finding sarcopenia in 39%. This ‘Fontan-associated myopenia’, can mask high
adiposity when assessed by BMI, as BMI cannot distinguish between fat and lean mass. Reduced muscle
mass is associated with reduced exercise capacity in Fontan patients [75,80,81]. In addition, a higher
percentage body fat (%BF) is associated with negative trend in exercise capacity [82]. A recent study
found that a 1% increase in %BF was associated with an increased risk of reaching the composite clinical
endpoint of death, heart transplantation, NYHA III/IV heart failure, protein-losing enteropathy, and/or
plastic bronchitis (HR 1.10, 95% CI 1.01–1.19; P = 0.03) [83]. Associations have also been found
between low HDL and increased mortality [84], and higher intra-abdominal visceral fat and increased
pulmonary vascular resistance [84].

In examining the association between measures of relative weight and clinical outcomes, a number of
potential confounding factors exist. Firstly, both overweight/obesity and the development of adverse
outcomes are associated with increasing age. Secondly, low height or linear growth stunting is associated
with adverse outcomes and may impact the assessment of relative weight (BMI for example). Thirdly,
raw BMI values do not account for sex. Some evidence exists that male single ventricle patients grow
better than females in early childhood [30,74]. However, in some studies, Fontan failure appears to occur
more often in male patients compared to females [54,62,75].

4.6 Potential Biases in Review
We were unable to contact several authors regarding inclusion and assessment of their data, and other

publications were still in process, so data were not yet available. There were difficulties in aggregate
reporting due to heterogeneity of the studies, which may present biases in the narrative reporting style.

5 Conclusions

5.1 Implications for Practice
To the best of our knowledge, this is the only systematic review assessing the association between

weight class and outcome following Fontan procedure. Bodyweight (high or low) is a modifiable
potential risk factor for poor clinical outcome in patients born with a single ventricle circulation. Whilst
there is only limited evidence, with only 15 relevant studies identified, data indicates that extremes of
bodyweight, both low and high, are associated with increased morbidity and mortality post-Fontan
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procedure. Bodyweight—relative to height and age—is a commonly used, widely available, and rapid
screening tool that can be used to aid prognosis and direct therapeutic interventions in vulnerable
patients. However, many studies in this review comment on the lack of readily available institutional
height and weight data. Increased knowledge of the associations between bodyweight and Fontan
pathophysiology may help to define an optimal relative weight target for Fontan patients with their
unique circulation.

Regarding achievement of weight targets in patients with single ventricle cardiac defects, some studies
have suggested the efficacy of home monitoring and interventions in aiding infant growth in the interstage
period [85–89]. However, there remains substantial variation in weight targets and management strategies.
Suggested strategies include monitoring for weight loss “red flags”, regular dietician and speech
pathology phone consultation, postoperative feeding algorithms, and protocols for transition to oral feed
[85–89].

Given the propensity for underweight in the CHD population, research is less clear regarding weight loss
strategies for overweight patients with single ventricle conditions. A systematic review of weight reduction
strategies for patients with chronic healthcare needs found that most interventions to date involve dietary
counselling or an energy deficit, and many are family-focused, multicomponent, and are delivered by a
multidisciplinary team [90]. Remote lifestyle counselling in a small 12-month pilot study of adolescents
with CHD who were overweight and obese resulted in reductions in BMI z-score and waist
circumference at 6 and 12 months [91]. However, data remain limited in this area. Further research is
required to determine optimum weight targets, as well as the most effective means of reaching these
targets in patients with a single ventricle circulation.

5.2 Implications for Research
Given the paucity of data, further research is required to investigate the association between weight

status and clinical outcomes post-Fontan completion. This is important, in part, because of the rising
prevalence of obesity in patients with congenital heart disease, and the general population [24–30]. Data
from national and international registries incorporating longitudinal growth parameters and long-term
outcomes are vital in gathering further information about the impact of excess weight and obesity on SV
patients.
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Appendix A

Search Terms: Medline (OVID)

1. exp Fontan procedure/

2. exp univentricular heart/su [Surgery]

3. exp norwood procedures/

4. (single-ventric* or bcpc or univentric* or uni-ventric* or monoventric*).tw, kf.

5. ((bidirectional-cavopulmonary or bi-directional-cavopulmonary or total-cavopulmoary or
cavopulmonary or glenn) adj2 (shunt? or procedure? or connection?)).tw, kf.

6. 1 or 2 or 3 or 4 or 5

7. adiposity/

8. exp body weight changes/

9. obesity, abdominal/

10. obesity, morbid/

11. pediatric obesity/

12. thinness/

13. body mass index/

14. (bmi or body-mass-index or weight-for-age or weight-for-height or weight-for-length or
overweight* or underweight* or failure-to-thrive or ftt or (z-score adj3 weight*) or (z-score
adj3 bmi)).tw, kf.

15. (p?ediatr* adj2 obes*).tw, kf.

16. 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14

17. 6 and 15

18. Limit 16 to English language
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Appendix B

Search Terms: EMBASE (OVID)

1. exp Fontan procedure/

2. exp norwood procedure/

3. exp cavopulmonary connection/

4. Glenn shunt/

5. exp heart single ventricle/

6. (single-ventric* or bcpc or univentric* or uni-ventric* or monoventric*).tw, kf, dq.

7. ((bidirectional-cavopulmonary or bi-directional-cavopulmonary or total-cavopulmoary or
cavopulmonary or glenn) adj2 (shunt? or procedure? or connection?)).tw, kf, dq.

8. 1 or 2 or 3 or 4 or 5 or 6 or 7

9. exp weight change/

10. exp obesity/

11. stunting/

12. failure to thrive/

13. exp underweight/

14. neonatal weight loss/

15. wasting syndrome/

16. (bmi or body-mass-index or weight-for-age or weight-for-height or weight-for-length or
overweight* or underweight* or failure-to-thrive or ftt or (z-score adj3 weight*) or (z-score
adj3 bmi)).tw, kf, dq.

17. (p?ediatr* adj2 obes*).tw, kf, dq.

18. 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17

19. 8 and 17

20. Limit 18 to english language

Appendix C

SCOPUS

((fontan OR norwood OR cavopulmonary OR glenn OR bcpc) w/2 (shunt* OR procedur* OR
connection* OR operation*)) OR “single ventric*” OR univentric* OR monoventric*

AND

(bmi OR “body mass index” OR weight-for-age OR weight-for-height OR weight-for-length OR
overweight OR underweight OR failure-to-thrive OR ftt OR waz OR whz OR obes* OR stunt* OR
“weight loss”)

Appendix D

Cochrane

1. MeSH descriptor: [Fontan Procedure] explode all trees

2. MeSH descriptor: [Univentricular Heart] explode all trees

3. MeSH descriptor: [Norwood Procedures] explode all trees

4. (single ventric* or bcpc or single-ventricle or univentric* or uni-ventric* or monoventric*):ti, ab, kw
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5. ((bidirectional-cavopulmonary or bi-directional-cavopulmonary or cavopulmonary or “total near/
2 cavopulmonary” or glenn) next (shunt? or procedure? or connection?)):ti, ab, kw

6. MeSH descriptor: [Obesity, Abdominal] explode all trees

7. MeSH descriptor: [Pediatric Obesity] explode all trees

8. MeSH descriptor: [Obesity, Morbid] explode all trees

9. MeSH descriptor: [Overweight] this term only

10. MeSH descriptor: [Body Weight Changes] explode all trees

11. MeSH descriptor: [Body Mass Index] explode all trees

12. MeSH descriptor: [Thinness] explode all trees

13. MeSH descriptor: [Adiposity] explode all trees

14. (bmi or “body mass index” or weight-for-age or weight-for-height or weight-for-length or
overweight* or underweight* or “failure to thrive” or ftt or (z-score near/3 weight*) or (z-score
near/3 bmi)):ti, ab, kw

15. (p?ediatr* near/2 obes*):ti, ab, kw

16. #1 or #2 or #3 or #4 or #5

17. #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or #14 or #15

18. #16 and #17

Supplementary Tables

Table S1: Newcastle–ottawa quality assessment scale for cohort studies

Study Representativeness
of exposed cohort1

Selection
of non-
exposed
cohort2

Ascertainment
of exposure3

Demonstration
that outcome of
interest was not
present at start
of study4

Comparability
of cohorts on
the basis of the
design or
analysis5

**

Assessment
of outcome6

Was
follow-up
long
enough for
outcomes
to occur7

Adequacy
of follow
up of
cohorts8

Total
score
(out of
possible
9)

Chung
et al.
(2016)
[61]

X X X X X X X X 8

Freud
et al.
(2015)
[39]

X X X X X X X 7

Lambert
et al.
(2020)
[59]

X X X X XX X X 8

Martinez
et al.
(2016)
[60]

X X X X X X X X 8

Byrne
et al.
(2021)
[55]

X X X X XX X X X 9

Goldberg
et al.
(2021)
[58]

X X XX X X 6

(Continued)
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Table S1 (continued)

Study Representativeness
of exposed cohort1

Selection
of non-
exposed
cohort2

Ascertainment
of exposure3

Demonstration
that outcome of
interest was not
present at start
of study4

Comparability
of cohorts on
the basis of the
design or
analysis5

**

Assessment
of outcome6

Was
follow-up
long
enough for
outcomes
to occur7

Adequacy
of follow
up of
cohorts8

Total
score
(out of
possible
9)

Day et al.
(2000)
[57]

X X X X X X X 7

Notes: 1. The exposed cohort was selected from the population of patients born with single ventricle cardiac defects 2. The non-exposed group was
from the same population 3. Exposure was ascertained by a reliable method – clinician calculation from height and weight rather than self-report 4.
Excluded patients too unwell to be included 5. Confounders reported and accounted for e.g., height, age, sex, heart failure. 6. Outcomes assessed
through record linkage 7. Follow-up time long enough for outcomes to occur (>2 years) 8. Described loss to follow up and rate of loss to follow
up was <20% in each cohort X –point attained in field.**Maximum 2 points.

Table S2: Joanna Briggs Institute (JBI) critical appraisal checklist for analytical cross-sectional studies

Study Were the
inclusion
criteria
clearly
defined?

Were the
study
subjects and
the setting
described in
detail?

Was the
exposure
measured in
a vali and
reliable
way?

Were objective,
standard criteria
used for
measurement of
the condition?

Were
confounding
factors
identified?

Were
strategies to
deal with
confounding
factors
stated?

Were the
outcomes
measured in
a valid and
reliable
way?

Was
appropriate
statistical
analysis
used?

Total
score
(out of
possible
8)

Cohen et al.
(2010) [27]

X X X X X X 6

Weinreb et al.
(2020) [54]

X X X X X X 6

Menon et al.
(2018) [52]

X X X X X X 6

Banks et al.
(2013) [49]

X X X X X X X 7

Nanayakkara
et al. (2020)
[53]

X X X X X X X 7

Wallace et al.
(2012) [28]

X X X X X X X X 8

Callegari
et al. (2019)
[50]

X X X X X X 6

Mancilla
et al. (2021)
[51]

X X X X X X X 7

Note: X–point attained in field.
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