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Abstract 

Background: The normal (i.e., expected) hemodynamics in adults post-Fontan remain poorly delineated. 

Moreover, the definitions of elevated exercise pulmonary artery (PA) and PA wedge pressure (PAWP) for 

this population have not been described. 

Methods and Results: Seventy-two adults post-Fontan undergoing exercise catheterization were 

categorized into abnormal (Group I, n=59; defined as resting mean PA ≥14 mmHg and/or PAWP ≥12 

mmHg, ΔPAWP/Δsystemic flow >2 mmHg/l/min, and/or ΔPA/Δpulmonary flow >3 mmHg/l/min) and 

normal (Group II, n=13) hemodynamics. Thirty-nine patients with non-cardiac dyspnea (NCD) were 

included as controls. There was no difference in exercise arterial O2 saturation (87% [81;92] vs 89% 

[85;93], p=0.29), while exercise PA pressure (27 [23;31] vs 16 [14.5;19.5] mmHg, p<0.001) and PAWP 

were higher (21 [18;28] vs 12 [8;14] mmHg, p<0.001) in Group I. At peak exercise, Group I had lower 

heart rate (97 [81;120] vs 133 [112.5; 147.5] bpm, p<0.001) and Qs response (67.3 [43.8;93.1] vs 105.9 

(82;118.5) % predicted, p<0.001) than Group II. Exercise SVC pressures were higher (16 [14;22.5] vs 5.5 

[3;7.3] mmHg, p<0.001) and arterial O2 saturation lower (89% [85;93] vs 97% [96;98], p<0.001) in 

Group II compared to NCD, while no differences in PAWP, stroke volume index, heart rate, or Qs 

response were seen. If defined as 2 standard deviations above mean values for Group II, elevated PAWP 

and mean PA pressure post-Fontan would correspond to 20.6 and 25.8 mmHg, respectively. 

Conclusion: PAWP >20 mmHg and mean PA pressure >25 mmHg could be used to define elevated 

values during exercise in adults post-Fontan. The major discrepancy in exercise hemodynamics among 

Group II compared to controls appears to be the degree of systemic venous hypertension and arterial 

desaturation. 

 

 

Key words: Fontan palliation; exercise; hemodynamics; normal 
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Introduction 

Despite >50 years since the description of the procedure1, the normal (i.e., expected) resting 

hemodynamics post-Fontan remain poorly defined. Ohuchi et al demonstrated that a central venous 

pressure ≥14 mmHg was associated with worse survival post-Fontan2, and this cut-off has been used by 

some to determine elevated Fontan pressures. A recent expert consensus document did not define 

increased Fontan pressures but proposed a pulmonary artery wedge pressure (PAWP) ≥12 mmHg post-

palliation as abnormal3. However, those demonstrating excellent natural history were found to have 

significantly lower central venous and ventricular filling pressures than these proposed values4. 

We demonstrated that adults post-Fontan had lower resting and exercise PAWP than patients with 

heart failure with preserved ejection fraction despite having similar systemic ventricular and atrial 

compliance (∆PAWP/∆cardiac output ratio)5. Therefore, it would be intuitive to expect lower cut-offs for 

abnormal exercise PAWP post-Fontan than those used in biventricular circulation. However, the PAWP 

and systemic venous pressures in adults post-Fontan with normal ventricular and pulmonary vascular 

compliance/reserve during exercise have not been described. Moreover, how their exercise 

hemodynamics compare to normal individuals is unknown.  

To address this knowledge gap, our aims were: 1) describe exercise hemodynamics in adults with 

normal resting Fontan hemodynamics, ventricular and pulmonary vascular reserve during exercise; 2) 

compare these to adults post-Fontan with abnormal hemodynamic criteria and individuals with noncardiac 

dyspnea (NCD).            

 

Methods 

Seventy-two adults (age ≥18 years) post-Fontan undergoing exercise venous cardiac 

catheterization at Mayo Clinic, Rochester, MN between January 2019 and May 2023 were retrospectively 

identified and categorized into 2 groups according to the presence or absence of abnormal resting and/or 
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exercise hemodynamics (Groups I and II, respectively). Abnormal resting mean pulmonary artery (PA) 

and PAWP were defined as ≥14 mmHg2,6 and ≥12 mmHg3, respectively. Given the lack of proposed 

definitions for elevated exercise PA and PAWP post-Fontan, abnormal exercise hemodynamics were 

defined as ΔPAWP/Δsystemic flow (Qs) ratio >2 mmHg/l/min7 and/or ΔPA/Δpulmonary flow (Qp) ratio 

>3 mmHg/l/min8. The Institutional Review Board approved the study; only patients authorizing the use of 

the medical records for research were selected. 

Consecutive individuals (3:1 ratio to Group II) diagnosed with NCD during the study period were 

included as controls. NCD was defined as: 1) absence of a cardiac etiology for exertional dyspnea and 

exercise intolerance despite extensive noninvasive and invasive cardiopulmonary testing; 2) no prior 

cardiac surgery, congenital heart disease, or cardiomyopathy; 3) left ventricular ejection fraction >50%, 

no valvular stenosis and ≤mild regurgitation on echocardiography; 4) no intracardiac shunting by 

oximetry; 5) resting and exercise PAWP <15 and 25 mmHg, respectively; 6) resting and exercise mean 

PA ≤20 mmHg at rest and ≤30 mmHg, respectively8; 7) ΔPAWP/Δcardiac output ratio ≤2 mmHg/l/min7 

and/or ΔPA/Δcardiac output ratio ≤3 mmHg/l/min8. 

Exploratory analyses were subsequently performed categorizing patients post-Fontan according 

to clinical status to identify those clinically doing well with expected functional capacity. Patients were 

included in Group III if they lacked: 1) reported dyspnea, fatigue, or edema; 2) prior atrial arrhythmias or 

pacemaker implantation, protein-losing enteropathy, or creatine clearance <60 ml/min; 3) ventricular 

ejection fraction <40% by echocardiography3; 4) % predicted VO2 <50% on outpatient cardiopulmonary 

exercise testing (CPET)3. These were compared to the remainder of the Fontan cohort with available CPET 

and to the NCD group.  

Exercise catheterization was performed using a supine cycle protocol9. Resting and exercise Qs 

and Qp were calculated similarly using direct Fick principle. Qs was calculated using arterial (or pulse 

oximetry if radial access was not obtained) and PA oximetry data. For Qp calculation, an estimated 

pulmonary venous O2 saturation of 95% or the arterial O2 saturation (if >95%) were used. If bilateral 
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resting PA O2 samples were available, the one sampled during exercise was selected for flow calculation. 

Expected increases in flow correspond to 6 ml per increase in unit (ml/min) of VO2
10. Pressure 

measurements represent a computer-generated mean of ≥5 consecutive cardiac cycles, measured under 

spontaneous breathing throughout the entire respiratory cycle. In the absence of established definitions, 

Fontan obstruction was defined as a resting transconduit/pathway gradient ≥3 mmHg and ≥5 mmHg 

during exercise11. Elevated exercise PA and PAWP cut-offs were defined as two standard deviations 

above the mean for Group II12,13. 

Clinical and laboratory data were retrieved from the medical records and represent the most 

recent values prior to catheterization. Similarly, if available (n=54), the most recent outpatient CPET 

(time interval to cardiac catheterization 83.5 [12.8;254] days) were abstracted.  

 

Statistical analyses  

Nominal data are presented as counts (%) and continuous data as medians (25th;75th percentile) 

unless stated otherwise. Between-group comparisons were performed using the Fisher’s exact and the 

Wilcoxon tests. N-terminal pro-B-type natriuretic peptide (NT pro-BNP) data were analyzed as log 

transformed (ln). Statistical analysis was performed using JMP for SAS V.14.1.0; p values <0.05 were 

considered statistically significant. 

 

Results 

Demographic and clinical data for Fontan patients are depicted in Table 1. Double inlet left 

ventricle was present in 17 patients (23.6%), tricuspid atresia in 14 (19.4%), double outlet right ventricle 

in 13 (18.1%), hypoplastic left heart syndrome in 12 (16.7%), pulmonary atresia with intact ventricular 

septum in 11 (15.3%), and other in 5 (6.9%). Fontan connections were: extracardiac conduit in 31 
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(43.1%), lateral tunnel in 24 (33.3%), atriopulmonary in 9 (12.5%), intra-atrial in 5 (6.9%), and other in 3 

(4.1%). Fontan revision had been performed in 22 patients (30.6%). Ten patients had undergone Fontan 

stenting (13.9%), 6 PA stenting, and 2 coarctation of the aorta stenting (2.8%). Fontan conduit/pathway 

conduit obstruction was present in 10 patients (14.1%); 10 (14.1%) had patent fenestrations. Indications 

for cardiac catheterization were: worsening clinical status/exercise intolerance in 37 (51.4%), Fontan-

associated liver disease in 10 (13.8%), arrhythmias in 7 (9.7%), transplant evaluation in 6 (8.3%), arterial 

desaturation in 5 (6.9%), conduit obstruction in 2 (2.8%), and other in 5 (6.9%). Four (5.6%) patients had 

protein-losing enteropathy.  

 

Comparisons between Groups I and II 

Fifty-nine and 13 patients were deemed to have abnormal (Group I) and normal (Group II) 

hemodynamics, respectively. Compared to Group II, Group I patients were older at the time of 

catheterization (33.9 [27.2;38.7] vs 23.7 [22.8;27.5] years, p=0.003) and at Fontan palliation (4 [3;7.3] vs 

2 [2;3.5] years, p=0.01). The prevalence of New York Heart Association (NYHA) functional class III-IV, 

cardiac symptoms, and medication use (diuretics, beta blockers, and aldosterone antagonists) was higher 

in Group I. These also had lower peak % predicted VO2 on outpatient CPET (44% [36;55.5] vs 58% 

[52;61], p=0.004) and higher NT pro-BNP levels (329 [166;641] vs 88.5 [70.8;160] pg/ml, p=0.003). 

Ventricular ejection fraction (52.5% [42.5;57.5] vs 55% [52.5;58.5], p=0.08) or prevalence of ≥moderate 

atrioventricular valve (AVV) regurgitation (18.6% vs 23.1%, p=0.71) did not differ between groups. 

Evidence of conduit obstruction was less common in (8.5%) in Group I than Group II (8.5% vs 38.5%, 

p=0.03); no difference was seen in the prevalence of patent fenestration (Group I 15.5% vs Group II 

7.7%, p=0.67). 

Resting hemodynamics are presented in Table 2 and Figure 1, while exercise data are depicted in 

Table 3 and Supplemental Table 1. At rest, Group I had lower arterial O2 saturation (92% [89;95] vs 94% 
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(93;95), p=0.02). As expected, Group I had higher SVC (16 [13;18] vs 11 [9;11] mmHg, p<0.001), PA (15 

[12;17] vs 10 [9.5;11] mmHg, p<0.001) pressures, and PAWP (10 [8;12] vs 6 [5.5;7] mmHg, p<0.001). 

Among Group I patients, a PAWP <12 mmHg was seen in 49 (68.1%) and a PA pressure <14 mmHg in 

35 (48.6%); additional clinical and hemodynamic data for Group I according to resting filling pressures is 

shown in Supplemental Table 2.  

At peak exercise, Group I achieved a lower load (60 [60;80] vs 100 [60;110] W, p=0.02) than 

Group II. There was no difference in arterial O2 saturation (87% [81;92] vs 89% [85;93], p=0.29). SVC 

pressure (27 [23.5;32.5] vs 16 [14;22.5] mmHg, p<0.001), PA pressure (27 [23;31] vs 16 [14.5;19.5] 

mmHg, p<0.001), and PAWP were higher (21 [18;28] vs 12 [8;14] mmHg, p<0.001) in Group I. If defined 

as 2 standard deviations above mean values for Group II (PAWP 11.8±4.4, range 7-21 mmHg; PA 

17.4±4.2, range 12-27 mmHg), elevated PAWP and PA pressure post-Fontan would correspond to 20.6 

and 25.8 mmHg, respectively. There was no difference in stroke volume index (SVi) (43.6 [37.6;53.4] vs 

48.1 [39.6;54] ml/m2, p=0.44) between groups, but Group I patients had lower heart rate (97 [81;120] vs 

133 [112.5;147.5] bpm, p<0.001), and, consequently, Qs response (67.3% [43.8;93.1] vs 105.9% [82;118.5] 

predicted, p<0.001). Qp response (63.1% [44;80.7] vs 88.5% [69.7;108.3] predicted, p<0.002) was also 

lower in Group I patients. There was no difference in pulmonary vascular resistance index (PVRi) (1.2 

[0.8;2.2] vs 1.2 (0.6;1.4) U.m2, p=0.34).  

            

Comparisons between Group II and NCD 

Thirty-nine individuals were included in the NCD group. Their diagnoses at catheterization were: 

normal resting and exercise hemodynamics in 29 individuals (74.3%), peripheral impairment to exercise 

in 5 (12.8%), preload failure in 4 (10.3%), and volitional hyperventilation in 1 (2.6%). 

Individuals in Group II were younger than NCD patients (23.7 [22.8;27.5] vs 47.1 [36.3;64.9] 

years, p<0.001) and had lower body mass index (25.2 [21.9;27.6] vs 27 [24.6;32.2] kg/m2, p=0.04). Group 
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II had a lower prevalence of NYHA class III-IV functional status, dyspnea, and leg edema, but higher NT 

pro-BNP levels (88.5 [70.8;160] vs 43 [25;100.3] pg/ml, p=0.01). There was no difference in peak % 

predicted VO2 on outpatient CPET (58% [52;61] vs 69% [53;74], p=0.28). Ventricular ejection fraction 

was lower (55% [52.5;58.5] vs 62% [59;64.3], p=0.001) and ≥moderate AVV regurgitation more prevalent 

(23.1% vs 0%, p=0.01) in Group II. 

Resting cardiac catheterization data demonstrated higher hemoglobin levels (14.5 [13.5;15.3] vs 

12.9 [12;13.9] mg/dl, p=0.007) and lower arterial O2 saturation (94% [93;95] vs 97% [96;99], p<.0001) in 

Group II compared to NCD. Group II had higher SVC (11 [9;11] vs 5 [2;7] mmHg, p<.0001) but lower PA 

pressures (10 [9.5;11] vs 14.5 [11.8;18] mmHg, p<0.001). There was no difference in PAWP (6 [5.5;7] vs 8 

[5;11] mmHg, p=0.16) or cardiac index (2.5 [2.1;3.0] vs 2.9 (2.4;3.3) l/min/m2, p=0.11) but Qp (4.1 

[3.9;5.0] vs 5.4 [4.7;6.5] l/min, p=0.02) and Qs (4.5 [4.0;5.8] vs 5.4 [4.7;6.5], p=0.03) was lower in Group 

II.  

At peak exercise, SVC pressures were higher (16 [14;22.5] vs 5.5 [3;7.3] mmHg, p<0.001) and PA 

pressures lower (16 [14.5;19.5] vs 23 [20;25] mmHg, p<0.001) in Group II than in NCD patients. There 

was no difference in PAWP (12 [8;14] vs 10 [8;13] mmHg, p=0.53) but ΔPAWP/ΔQs was higher in Group 

II (0.8 [0.4;1.1] vs 0.4 [0.3;0.8] mmHg/l/min, p=0.04). SVi (48.1 [39.6;54] vs 51.6 [45.1;57.4] ml/m2, 

p=0.23), heart rate (133 [112.5;147.5] vs 127 [115;148] bpm, p=0.78), and Qs response (105.9 [82;118.5] vs 

112.7 (104.3;131.1) % predicted, p=0.07) did not differ between groups. Arterial O2 saturation was lower 

in Group II (89% [85;93] vs 97% [96;98], p<0.001).   

 

Exploratory analyses - hemodynamics in Group III and comparisons to NCD 

 Seven Fontan patients were included in Group III, and their clinical characteristics are presented 

in Supplemental Table 3. Conduit obstruction was present in 5 (71.4%) and patent fenestration in 1 

(14.2%). At rest, Group III patients had lower arterial O2 saturation (94% [93;96] vs 97% [96;98]; 

 18790844, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.3119 by K

u L
euven, W

iley O
nline L

ibrary on [26/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



p=0.01), higher SVC (11 [9;11] vs 5 [2;7] mmHg; p<0.001), and lower PA (10 [10;11] vs 14.5 [11.8;18] 

mmHg; p<0.001) pressures than NCD patients. No differences were seen in PAWP or cardiac index.  

Like the findings at rest, Group III had lower exercise arterial O2 saturation (92% [87;93] vs 97% 

[96;98]; p<0.001), higher SVC (14 [13;22] vs 5.5 [3;7.3] mmHg; p<0.001), and lower PA (10 [10; 11] vs 

14.5 [11.8; 18] mmHg; p=0.004)  pressures than NCD patients. The highest exercise PA pressure and 

PAWP in Group III were 22 and 14 mmHg, respectively. Exercise Svi, Qs response, ΔPA/ΔQp and 

ΔPAWP/ΔQs ratios did not differ between groups. Group III patients had a lower Qp response than 

controls (91 [56.6;111.2] vs 112.7 [104.3;131.1] % predicted; p=0.02).  

            

Discussion 

To the best of our knowledge, this is the first attempt to establish normal invasive exercise Fontan 

hemodynamics. The main findings of our study are: 1) PAWP >20 mmHg and mean PA pressure >25 

mmHg could be used to define elevated exercise values in adults post-Fontan (Graphical Abstract), 

although exercise PAWP might be lower in asymptomatic patients; 2) Qs and chronotropic responses 

were markedly reduced in Group I; 3) there was no difference in exercise PVRi between Groups I and II; 

4) systemic venous hypertension and systemic arterial desaturation appear to be the major differences in 

exercise hemodynamics between Group II and NCD; 5) the characteristics of Group II parallel those 

associated with an “excellent” natural history post-Fontan. 

 

Normal Fontan hemodynamics 

Nonpulsatile systemic venous return to the pulmonary vasculature and venous hypertension are 

the hallmarks of the Fontan procedure. Additional hemodynamic abnormalities include reduced cardiac 

output and ventricular preload, varying degrees of systemic arterial desaturation, increased pulmonary 
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vascular resistance, and chronotropic incompetence14. These findings are unequivocally abnormal (i.e., 

pathological) compared to individuals without cardiac disease. However, given their prevalence, these 

might represent normal (i.e., mathematically expected) findings in adults post-Fontan. The heterogeneous 

anatomy and Fontan connections deepen the conundrum in defining normal Fontan hemodynamics. 

Although this struggle might be perceived as semantical, determining expected Fontan hemodynamics is 

paramount as we strive to optimize their delicate circulation and minimize the inevitable long-term 

complications.  

Based on survival outcomes, Ohuchi et al proposed a central venous pressure ≥14 mmHg to be 

abnormal post-Fontan2. In the absence of guideline recommendations, some have incorporated this cut-off 

as the definition for increased Fontan pressures. Due to the central role played by ventricular diastolic 

dysfunction in a Fontan circuit, defining elevated ventricular filling pressures is equally important. A 

recent expert consensus document proposed a ventricular end-diastolic pressure or PAWP ≥12 mmHg as 

abnormal in this population3. This proposition agrees with our observation of a worse prognosis in adults 

post-Fontan with PAWP >12 mmHg compared to those with lower values15. Therefore, according to 

prognostic data, using 14 and 12 mmHg as cut-offs for elevated resting PA and PAWP post-palliation 

would be reasonable. 

We have reported on the incremental diagnostic value of exercise during cardiac catheterization 

in adults post-Fontan5,16-19. Given the challenges in diagnosing diastolic dysfunction in this population, 

one would expect the use of exercise invasive hemodynamics to rise. As highlighted20, establishing 

expected exercise PA and PAWP values post-Fontan is critically needed. Our results suggest that an 

exercise PAWP >20 mmHg and mean PA pressure >25 mmHg could be defined as abnormal in these 

individuals. However, data from Group III suggest that, while 20 mmHg might be a specific cut-off for 

elevated exercise PAWP, this might be insensitive, with those otherwise doing well showing significantly 

lower values. Lastly, the exercise central venous pressures in Groups II and III deserve attention. The 

observed values illustrate the degree of venous hypertension the body is repeatedly exposed to, even in 
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asymptomatic adults post-Fontan, and provide physiologic support for the end-organ abnormalities that 

appear out of proportion to a seemingly good clinical picture. 

 

Exercise hemodynamics in Group I 

The hemodynamic differences between Group I and Group II offer additional insight into the 

pathophysiology of Fontan failure and severe exercise limitation in these individuals. In addition to 

having elevated exercise PA and PAWP pressures, Group I had markedly reduced Qs response to 

exercise, and their chronotropic response was significantly blunted, likely a combination of intrinsic 

conduction disease and medication effect. Similar observations have been described in patients with heart 

failure with preserved ejection fraction21, being an epiphenomenon of the underlying abnormal atrial and 

ventricular myocardia. The SVi values in Group I must be cautiously interpreted. Fontan failure is 

associated with worsening right-to-left shunt, typically mediated by venovenous collaterals. This adaptive 

process allows for maintenance of stroke volume during exercise but decreases O2 supply. Collectively, 

these observations demonstrate the etiology of exercise intolerance in failing Fontan patients is complex, 

and that the yield of a single pharmacological or structural intervention might be limited.  

Resting PVRi tended to be higher in Group I than in Group II. However, no difference was seen 

during exercise. Our results suggest ventricular filling pressures/pulmonary venous hypertension to 

predominantly determine afterload to systemic venous return as patients post-Fontan exercise. Abnormal 

pulmonary vascular resistance has been evoked as a contributor to exercise-induced preload failure in this 

population and coexistent limited exercise performance. This rationale has fueled the use of pulmonary 

vasodilators in patients post-Fontan. The current findings challenge this theory and align with studies that 

failed to show a benefit in exercise capacity following initiation of these medications. Our observations 

support the need to revisit the prevalence and clinical impact of elevated PVRi in current Fontan patients, 

whose palliation was performed earlier and more judiciously compared to original cohorts. 
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Clinical profile of Group II patients 

Ohuchi et al reported the clinical and hemodynamic features in “excellent” Fontan survivors4. 

“Excellent” status was defined as absence of clinical (e.g., arrhythmias, protein-losing enteropathy) or 

hemodynamic (e.g., ventricular ejection fraction <40%, ≥moderate AVV regurgitation) features of Fontan 

failure. Despite inherent biases due to methodology, the findings in Group II were nearly identical to 

those of Ohuchi’s “excellent” patients – PA/central venous pressure 10 vs 10.1 mmHg, ventricular filling 

pressure 6 vs 5.9 mmHg, arterial O2 saturation 94% vs 94.0%, cardiac index 2.5 vs 2.6 l/min/m2, 

ventricular ejection fraction 55% vs 53.0%, respectively. These values are also similar to those seen in 

Group III. Ohuchi subsequently proposed these to represent “optimal” Fontan hemodynamics6. 

Importantly, approximately 50% of Group I patients had normal resting PA pressure or PAWP, and their 

catheterization data at rest shared similarities with Group II. These findings support the role of exercise 

even in individuals with normal resting values. 

 

Exercise hemodynamics in Group II compared to NCD 

Like in Group II, peak VO2 on CPET was only ~50% predicted among Ohuchi’s “excellent” 

adults post-Fontan2. Insufficient augmentation of ventricular stroke volume has been implicated in the 

universal exercise intolerance post-Fontan. In contrast to that notion, exercise SVi did not significantly 

differ between Group II and NCD patients. This agrees with the observations in adults post-Fontan 

undergoing exercise cardiac magnetic resonance imaging22. Moreover, Group II demonstrated appropriate 

Qs response to exercise. Therefore, the most remarkable hemodynamic difference in Groups II patients 

compared to NCD appeared to be the degree of venous hypertension and arterial desaturation. Similar 

findings were obtained when comparing Group III to NCD. Venous claudication is a well-described 

phenomenon and altered skeletal muscle structure and metabolism have been documented in acquired 
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venous hypertension23. In addition to exercise-induced severe venous hypertension, the inherent systemic 

arterial desaturation might contribute to impaired muscle composition and function post-Fontan14,24. We 

have observed several adults post-Fontan discontinuing exercise during catheterization due to leg 

discomfort instead of dyspnea. Peripheral impairment to exercise secondary to skeletal muscle 

dysfunction is a recognized source of dyspnea, even among heart failure patients25,26.  We hypothesize 

that peripheral impairment to exercise constitutes a major etiology of exertional intolerance in post-

Fontan patients with optimal hemodynamics, and the current findings underscore the importance and 

potential benefits of exercise training in this population27. 

 

Future directions  

Group II was arbitrarily defined by measures of ventricular and pulmonary vascular 

compliance/reserve instead of representing asymptomatic individuals undergoing routine catheterization. 

Moreover, ΔPAWP/ΔQs ratios were higher in Group II than in NCD while no differences were seen 

between the latter and Group III. Although the current data represent a step toward better understanding 

exercise limitation and expected exercise hemodynamics post-Fontan, subsequent studies in Fontan 

patients without structural abnormalities or significant exertional intolerance are needed. Noteworthy, 

Group II patients were younger than Group I and the impact of aging on expected Fontan hemodynamics 

is unclear. The role of peripheral impairment to exercise post-Fontan and its diagnosis during 

catheterization also needs to be refined. In addition, the contribution of pericardial function/restraint to 

exercise Fontan hemodynamics is currently unknown. Lastly, and perhaps more importantly, whether the 

hemodynamic cut-offs proposed herein can be used to predict clinical outcomes warrants further 

investigation. 

 

Limitations 
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Periodic cardiac catheterization is not performed at our institution; therefore, the study population 

has inherent selection biases. This, for example, contributed to the prevalence of conduit obstruction and 

≥moderate AVV regurgitation in Groups II and III. However, the normal Qs response and observed low 

ΔPAWP/ΔQs and ΔPA/ΔQp ratios (particularly amongst asymptomatic patients) argue against a 

significant impact of these clinical characteristics on their exercise hemodynamics. Although this is the 

largest experience in invasive exercise testing post-Fontan, the number of patients in Group II was small, 

potentially resulting in type II error. Despite the stringent hemodynamic criteria applied to NCD group, 

these did not represent patients necessarily free of cardiovascular disease. ΔPAWP/ΔQs and ΔPA/ΔQp 

cut-offs applied herein were derived from patients with acquired heart disease undergoing upright cycling. 

Qp might have been underestimated in post-Fontan patients with concomitant pulmonary disease. Lastly, 

we acknowledge the potential issues with multiplicity, but the sample size limited our ability to adjust for 

that. 

            

Conclusion  

PAWP >20 mmHg and mean PA pressure >25 mmHg could be used to define elevated values in 

adults post-Fontan undergoing exercise catheterization, although exercise PAWP might be lower in 

asymptomatic patients. The major discrepancy in exercise hemodynamics between Group II and NCD 

appears to be the degree of systemic venous hypertension and arterial desaturation. 
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Figure Legends 

Figure 1. Resting hemodynamic data 

(CI – cardiac index; HR – heart rate; NCD – noncardiac dyspnea; PA – PAWP – pulmonary 

artery wedge pressure; SVC – superior vena cava; SVi – stroke volume index) 

 

Figure 2. Exercise hemodynamic data 

(HR – heart rate; NCD – noncardiac dyspnea; PA – PAWP – pulmonary artery wedge pressure; 

Qs – systemic flow; SVC – superior vena cava; SVi – stroke volume index) 

 

 

Graphical Abstract. Proposed cut-offs for abnormal resting and exercise hemodynamics in adults post-

Fontan 

(PAWP – pulmonary artery wedge pressure)
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Table 1. Clinical characteristics  
  Group I 

(n=59) 
Group II 

(n=13) 
NCD 

(n=39) 
p-value 
I x II 

p-value  
II x NCD 

Age, years  33.9 (27.2;38.7)  23.7 (22.8;27.5) 47.1 (36.3;64.9) 0.003  <0.001 
Body mass index, kg/m2 26.5 (22.5;33) 25.2 (21.9;27.6) 27 (24.6;32.2) 0.26 0.04 
Female sex  24 (40.7%) 7 (53.9%)  27 (69.2%) 0.54  0.33 
NYHA functional class III-IV 25 (42.3%)  1 (7.7%)  19 (50%) 0.02 0.008 
Predominant RV morphology 24 (40.7%) 4 (30.8%) - 0.75 - 
Hypertension 4 (6.8%)  2 (15.4%) 12 (30.7%) 0.26 0.47 
Diabetes 4 (6.8%)     0 0 0.99  - 
Pacemaker    28 (47.5%) 2 (15.4%) 0 0.06 0.06 
History of atrial arrhythmias 34 (57.6%)  1 (7.7%) 0 0.001  0.25 
Creatinine clearance <60 ml/min  4 (6.8%)  0 4 (10.5%) 0.99  0.56 
NT-pro BNP, pg/ml 329 (166;641)  88.5 (70.8;160) 43 (25;100.3) 0.003 0.01 
Symptoms 
  Dyspnea 41 (69.5%) 4 (30.1%) 39 (100%) 0.01 <0.001 
  Fatigue 32 (54.2%) 2 (15.4%)  13 (33%) 0.01 0.30 
  Edema 28 (47.5%)  0  10 (25.6%) 0.001  0.05 
Medications 
  Diuretics 37 (62.7%) 0 4 (10.3%) <0.001    0.56 
  Betablocker 24 (40.7%) 1 (7.7%) 5 (12.8%) 0.03 0.99 
  ACEi/ARB  33 (55.9%) 6 (46.2%) 11 (28.2%) 0.55  0.31 
  Aldosterone antagonist   23 (38.9%)   0 2 (5.2%) 0.007 0.99 
  Digitalis 7 (11.9%)  2 (15.4%) 0  0.66 0.06 
  Antiarrhythmic agent 20 (34%) 1 (7.7%)  0 0.09  0.25 
  Phosphodiesterase type 5 inhibitor 17 (28.8%) 1 (7.7%) 0  0.16 0.25 
Echocardiography 
  Ejection fraction, % 52.5 (42.5;57.5) 55 (52.5;58.5) 62 (59;64.3) 0.08 0.001 
   ≥moderate AVV regurgitation 11 (18.6%) 3 (23.1%) 0 0.71  0.01 
Cardiopulmonary exercise test 
   Peak VO2, ml/kg/min 16.1 (14.1;20.1) 24.9 (21.2;27) 25.5 (18;30.8)  <0.001    0.92 
   Peak VO2, % of predicted 44 (36;55.6) 58 (52;61) 69 (53;74) 0.004 0.26 
ACEi/ARB – angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; AVV – atrioventricular valve; NT-pro BNP – N-terminal pro-
brain natriuretic peptide; NYHA – New York Heart Association. 
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Table 2. Resting hemodynamics 
 Group I 

(n=59) 
Group II 

(n=13) 
NCD 

(n=39) 
p-value 

I x II 
p-value  

II x NCD 
Rest  
  Hemoglobin, g/dl 14 (12.8;15.9) 14.5 (13.5;15.3) 12.9 (12;13.9) 0.66  0.007 
  Arterial O2 saturation, % 92 (89;95) 94 (93;95) 97 (96;99)  0.02 <0.001 
  PA O2 saturation, % 69 (66;73) 71 (68;74) 74 (71;78) 0.11 0.080 
  SVC, mmHg 16 (13;18) 11 (9;11) 5 (2;7) <0.001  <0.001 
  PA, mmHg 15 (12;17) 10 (9.5;11) 14.5 (11.8;18) <0.001   <0.001   
  PAWP, mmHg 10 (8;12) 6 (5.5;7) 8 (5;11) <0.001   0.16 
  Arterial systolic pressure, mmHg  119 (109;133) 121 (114; 149.5) 141 (128;161) 0.22 0.04 
  Arterial diastolic pressure, mmHg 61 (53.8;72.8) 73 (56.5;75) 73 (67;82) 0.32 0.09  
  Arterial mean pressure, mmHg 79 (73;92) 84 (75;97.5) 97 (89;110) 0.29 0.04 
  Qp, l/min 4.3 (3.4;5.5) 4.1 (3.9;5.0) 5.4 (4.7;6.5) 0.81 0.004 
  Qs, l/min 5.1 (3.9;6.9)  4.5 (4.0;5.8) 5.4 (4.7;6.5) 0.27 0.03 
  Cardiac index, l/min/m2 2.8 (2.2;3.5)  2.5 (2.1;3.0) 2.9 (2.4;3.3) 0.27 0.11 
  Stroke volume, ml  71.5 (60;94.0) 59.2 (48.9;82.5)  75 (60.2;83.0) 0.36 0.20 
  Stroke volume index, ml/m2 39.7 (31.7;47.1) 32.8 (27.3;47.7) 37.2 (31.9;45.7) 0.36 0.49 
  Heart rate, bpm 69 (66;78) 80 (57.5;84) 78 (66;85) 0.75 0.51 
  PVRi, U.m2 2.0 (1.2;2.6) 1.3 (1.2;1.9) 2.3 (1.8;2.8) 0.08  0.001    
  PVR, WU 1.0 (0.7;1.5) 0.8 (0.6;1.1) 1.2 (0.9;1.5) 0.11 0.003 
  SVR, dynes/seconds/cm-5 1081 (689;1442)  1215 (899;1434) 1254 (1088; 1624) 0.43 0.26 
PA – pulmonary artery; PAWP – pulmonary artery wedge pressure; PVRi – pulmonary vascular resistance index; SVC – superior vena cava; SVR 
– systemic vascular resistance. 
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Table 3. Hemodynamics during feet-up and peak exercise 
 Group I 

(n=59) 
Group II 

(n=13) 
NCD 

(n=39) 
p-value 
I x II 

p-value  
II x NCD 

Feet-up 
  SVC, mmHg 18.5 (14.8;21)  14.5 (11.3;16) 6 (4.5;8) 0.02 <0.001 
  PAWP, mmHg 13 (11;16)  9 (7.3;9.8) 11 (8; 13) <0.001 0.05 
Exercise 
  Arterial O2 saturation, % 87 (81;92) 89 (85;93) 97 (96;98) 0.29 <0.001 
  PA O2 saturation, % 27 (21;34) 31 (27;41) 43 (33; 48) 0.047 0.002 
  SVC, mmHg 27 (23.5;32.5) 16 (14;22.5) 5.5 (3;7.3) <0.001 <0.001 
  PA, mmHg 27 (23;31) 16 (14.5;19.5) 23 (20;25) <0.001 <0.001 
  PAWP, mmHg 21 (18;28) 12 (8;14) 10 (8;13) <0.001 0.53 
  Arterial systolic pressure, mmHg 150 (137.5;170.5)  164 (135.5;194.8) 184 (159;202.3) 0.47 0.26 
  Arterial diastolic pressure, mmHg 70 (64.5;82.5)  82 (75.3;87.5) 79 (72;93.3) 0.76 0.85 
  Arterial mean pressure, mmHg 102.0±17.2 112.5 (92.8;121.3) 116.5 (103.8;130.3) 0.48 0.34 
  Qp, l/min 7.1 (5.4;8.9) 10.4 (8.7;11.1) 12.7 (10.8;13.8) <0.001 0.002  
  Qs, l/min 8.2 (6.7;10.1) 11.7 (9.2;12.6) 12.7 (10.8;13.8) <0.001 0.06 
  Stroke volume, ml 84.6 (66.7;96.0)   88.1 (71.3;98.5) 97.8 (83.3;110.2) 0.58 0.08 
  Stroke volume index, ml/m2 43.6 (37.6;53.4) 48.1 (39.6;54) 51.6 (45.1;57.4) 0.44 0.23 
  Heart rate, bpm 97 (81;120) 133 (112.5;147.5) 127 (115;148) <0.001 0.78 
  Qs response, % predicted 67.3 (43.8;93.1) 105.9 (82;118.5) 112.7 (104.3;131.1) <0.001 0.07 
  Qp response, % predicted 63.1 (44;80.7) 88.5 (69.7;108.3) 112.7 (104.3;131.1) 0.002 <0.001 
  PVRi, U/m2 1.2 (0.8;2.2) 1.2 (0.6;1.4) 1.8 (1.3;2.4) 0.34 <0.001 
  PVR, WU 0.6 (0.4;1.2) 0.6 (0.4;0.8) 0.9 (0.7;1.2) 0.50 0.003 
  SVR, dynes/seconds/cm-5 1081 (689;1442) 669 (526;710) 763 (571;838) 0.25 0.31 
  ΔPAWP/ΔQs, mmHg/l/min1 4.3 (2.4;8.2) 0.8 (0.4;1.1) 0.4 (0.3;0.8) <0.001 0.04 
  ΔPA/ΔQp, mmHg/l/min1 4.8 (2.8;8.4) 1.1 (0.9;1.9) 1.2 (0.6;1.7) <0.001 0.51 
  VO2, ml/min 11.8 (9.3;13.1)  17.2 (14.1;19.2) 14.2 (11.2;19.8) <0.001 0.40 
  Load, W 60 (60;80) 100 (60;110) 80 (80;120) 0.02 0.15 
  Respiratory exchange ratio 1.03 (0.94;1.07) 1.02 (0.99;1.08) 1.05 (1.0;1.13) 0.97 0.13 
1reported as absolute values. PA – pulmonary artery; PAWP – pulmonary artery wedge pressure; PVR – pulmonary vascular resistance; PVRi – 
pulmonary vascular resistance index; SVC – superior vena cava; SVR – systemic vascular resistance. 
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Figure 1 revision final.tif
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Figure 2 revision final.tif
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