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ABSTRACT: Assessment of Fontan pressures during exercise has been previously challenging. We report our experience with 4 
children, in whom implanted hemodynamic monitor was utilized to assess Fontan pressures during exercise. Data was used to 
modify treatment in one case. The device provided useful insight into exercise-related changes in Fontan patients.  
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1. Introduction 

Fontan circulation relies on passive return of venous flow into the pulmonary circulation from a superior and 
inferior pulmonary caval connection. Healthy Fontan circulation requires a healthy pulmonary vascular bed and low 
mean pulmonary artery pressures (mPAP) which are equivalent to Fontan pressures in an unobstructed circuit. The 
demands on the pulmonary circulation increase dramatically with physical activity in order to augment pulmonary blood 
flow and consequently cardiac output to meet the metabolic demands of exercise [1]. Cardiopulmonary exercise testing 
(CPET) is useful in determining and monitoring exercise capacity in patients with Fontan circulation, and thus plays 
an important prognostic role [2,3]. Limited exercise tolerance is common amongst patients with Fontan circulation 
and may be caused by multiple factors including single ventricle dysfunction, atrio-ventricular regurgitation and ele-
vated Fontan pressures [1,2,4]. The accurate assessment of Fontan pressures during exercise is desirable however tech-
nically challenging. Some authors have utilized peripheral venous pressure measurement during exercise in adult pa-
tients with Fontan circulation [5]. Recently, the implantable hemodynamic monitor (IHM, CardioMEMsTM HF sys-
tem, Abbott, Abbott Park, IL, USA) has become available for assessing mPAP and has been utilized for monitoring 
mPAP during exercise in adult patients with heart failure [6]. The safety of IHM in adult patients with Fontan circu-
lation has been demonstrated [7,8]. A previous study utilized IHM to monitor mPAP during six-minute walk test in 
adults [9]. Our Fontan program started using IHM in 2021 and we have previously reported safety of this device in 
pediatric patients with Fontan circulation [2]. We use IHM recordings for guiding treatment at home and during their 
clinic visits. We present a case series of pediatric patients with Fontan circulation who had undergone IHM placement 
for failing Fontan physiology. We report the utility of IHM in assessing changes in Fontan pressure with CPET in these 
patients. 

2. Clinical Case Series 

A retrospective review was performed and included patients with Fontan circulation and IHM who also underwent 
a clinical CPET. Institutional IRB approved the study. At our institute, starting September 2021, patients were selected 
for IHM implantation at the time of catheterization for close monitoring of Fontan related complications. The indications 
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included evidence of advanced liver disease, severe protein losing enteropathy (PLE) or ventricular dysfunction requir-
ing close medical management. Other considerations included distance from tertiary care center, lack of local health 
care resources and patients living at elevation. So far, 17 Fontan patients have undergone IHM implantation at our 
center. We present a case series of 4 patients post IHM who have performed a clinical CPET. The indications for IHM 
implantation are described in Table 1. 

Patients performed exercise on an upright cycle ergometer using standardized ramp protocols with ramps set to 
achieve an exercise time of about 10 min. Electrocardiogram, blood pressure and oxygen saturation were measured 
continuously. Breath-by-breath metabolic data was obtained using a Vyaire Vyntus metabolic cart. IHM was interro-
gated using the hospital testing device. To assess orthostatic changes in Fontan pressures, we began with a supine 
measurement of mPAP to correlate with home measurements and then repeated a measurement when the patient was 
upright on the cycle ergometer. During active exercise, contact between the IHM and testing device was maintained 
consistently by an additional operator to ensure there is good signal strength for accurate measurements (Figure 1). 
During IHM recording, the monitor displayed negative pressures related to the negative inspiratory pressure. We con-
firmed with IHM technical team that the monitor erroneously labels the patient’s respiratory rate during exercise as 
“heart rate” due to these negative inspiratory pressures (Figure 1c). Similar to cardiac catheterization with a free breath-
ing patient, end-expiratory pressures were recorded as the Fontan pressure or mPAP. The attending physician supervised 
the CPET and interpreted the IHM mPAP during exercise. 

 

Figure 1. Interrogation of implanted hemodynamic monitor (CardioMEMs device) during exercise. (a) shows the 

fluoroscopic view of the IHM implanted  in distal left pulmonary artery in patient 1. (b) shows the IHM device being 

interrogated on the same patient during CPET. The testing device is being held in a stable position in close contact with 

the patient near the implantation location. (c) shows the IHM recording of the same patient during exercise. Note there 

is good communication between the interrogation device and the sensor, as indicated by the displayed signal strength 

of 100% in the (1C‐lower left corner). Negative pressures are noted during higher negative inspiratory pressures due 

to patient’s breathing during exercise. The end‐expiratory pressure (15 mmHg) represents the Fontan (mean PAp). 

Table 1. Patient characteristics. Implanted hemoydnamic monitor (IHM), Fontan associated liver disease (FALD), Protein losing 

enteropathy (PLE) Hypoplastic left heart syndrome (HLHS), Hypoplastic right heart (HRH), Angiotensin converting enzyme in-

hibitor (ACEi). 

 Patient 1 Patient 2 Patient 3 Patient 4 
Age at the time of IHM 9 yr 16 yr 15 yr 13 yr 
Indication for IHM Advanced FALD Severe PLE Advanced FALD Advanced FALD 
Gender Female Male Female Female 
Cardiac diagnosis HLHS HRH (Ebstein’s) 

Complete heart 
block s/p pacemaker 

HLHS HLHS variant 

Age at Fontan surgery 2.5 yr 3 yr 3.5 yr 3 yr 
Type of Fontan surgery Extracardiac Extracardiac Extracardiac Extracardiac 
Fenestration created Yes No Yes Yes 
Hemodynamic data  
-Systemic saturation 
-Mean PAp 

 
91% 
14–15 mmHg 

 
95% 
9–10 mmHg 

 
89% 
15–16 mmHg 

 
96% 
14 mmHg 
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-Ventricular end diastolic pressure 
-Pulmonary vascular resistance 
-Fenestration patent 
-Significant aortopulmonary collat-
erals 
-Significant arterio-venous malfor-
mation 
-Arch obstruction 

8 mmHg 
1.5 WU 
Yes 
No 
No 
No 

7 mmHg 
1.9 WU 
No 
No 
No 
No 

5 mmHg 
1.7 WU 
Yes 
No 
No 
No 

9 mmHg 
1.2 WU 
No 
No 
No 
No 

Echocardiographic data 
-Fontan pathway 
-Fenestration gradient 
-SV systolic function 
-Systemic AV valve regurgitation 
-Aortic regurgitation 
-Arch obstruction 
-Other significant finding 

 
Patent 
7–8 mmHg 
Normal 
Mild 
Trace 
PG = 18mmHg 
LPA stent 
 

 
Patent 
NA 
Mildly decreased 
Trivial 
None 
No 
Antegrade flow 
through native pul-
monary valve 

 
Patent 
Not seen by echo 
Low normal 
Moderate 
None 
No 
 

 
Patent 
NA 
Low normal 
Mild 
Trace 
No 
Large VSD 

Medications (at CPET) 
-Pulmonary vasodilator 
-ACEi 
-Diuretics 
-Spironolactone 
-Pulmonary medications 
-Anticoagulation 
-Other 

 
No 
No 
No 
Yes 
No 
Aspirin 

 
Yes 
No 
Yes 
Yes 
Yes 
Aspirin 
Budesonide 

 
No 
Yes 
No 
Yes 
No 
Aspirin 

 
Yes 
Yes 
No 
Yes 
No 
Aspirin 
Oxcarbazepine 

Table 2 shows the metabolic and hemodynamic data obtained on our patients during CPET. All patients achieved 
a respiratory exchange ratio > 1.1 and all but one had a low exercise capacity for Fontan circulation (Table 2). IHM 
recordings during different phases of exercise for each patient along with CPET data are presented in Figure 2. Orthos-
tatic changes were noted in mPAP and all patients showed a gradual rise during sub-maximal exercise with a marked 
rise in peak exercise mPAP. 

Table 2. Metabolic and hemodynamic data during CPET among the study patients. Results of the Cardiopulmonary exercise 

testing. All patients had maximal effort tests with RER > 1.1. VO2 is a breath-by breath measurement of oxygen consumption. 

VO2/kg percent predicted was determined using standardized equations8. VE/VCO2 slope reported as the ratio of minute ventila-

tion (VE) to expired Carbon Dioxide (VCO2) from start of exercise to peak exercise. 

 Patient 1 Patient 2 Patient 3 Patient 4 

Age  9 yr 16 yr 15 yr 13 yr 

Gender Female Male Female Female 

Cardiac diagnosis HLHS HRH  HLHS HLHS variant 

Oxygen Saturation 

-Rest 

-Peak exercise 

 

85% 

71% 

 

96% 

87% 

 

84% 

70% 

 

98% 

86% 

Fenestration Patent Yes No Yes No 

Heart Rate 

-Rest 

-Anaerobic threshold 

-Peak exercise 

 

 

66 BPM 

116 BPM 

181 BPM 

 

80 BPM 

100 BPM 

166 BPM 

 

81 BPM 

103 BPM 

134 BPM 

 

68 BPM 

116 BPM 

150 BPM 

Blood Pressure 

-Rest 

-Anaerobic threshold 

-Peak exercise 

 

120/70 mmHg 

120/60 mmHg 

165/65 mmHg 

 

125/75 mmHg 

130/70 mmHg 

140/80 mmHg 

 

135/60 mmHg 

155/60 mmHg 

175/60 mmHg 

 

100/60 mmHg 

120/60 mmHg 

150/55 mmHg 
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Implanted Hemodynamic Mon-

itor pressures 

-Rest 

-Anaerobic threshold 

-Peak exercise 

 

 

14 mmHg 

18 mmHg 

40 mmHg 

 

 

3 mmHg 

17 mmHg 

30 mmHg 

 

 

4 mmHg 

10 mmHg 

15 mmHg 

 

 

11 mmHg 

10 mmHg 

30 mmHg 

VO2/kg 

-Rest 

-Anaerobic threshold 

-Peak exercise 

-Peak exercise percent pre-

dicted 

 

6.1 ml/kg/min 

19.3 ml/kg/min 

31.9 ml/kg/min 

79% 

 

3.5 ml/kg/min 

11.5 ml/kg/min 

21 ml/kg/min 

43% 

 

4.3 ml/kg/min 

12 ml/kg/min 

17.9 ml/kg/min 

43% 

 

3.6 ml/kg/min 

14.2 ml/kg/min 

18.6 ml/kg/min 

45% 

Oxygen Pulse 

-Peak exercise 

-Peak exercise percent pre-

dicted 

 

5 mL/beat 

84% 

 

9.9 mL/beat 

68% 

 

6.4 mL/beat 

73% 

 

8 mL/beat 

93% 

VE/VCO2 slope 40 31.4 42.9 29.5 

 

Figure 2. Implanted hemodynamic monitor (CardioMEMs) measurements during exercise. Data are presented for each patient 

at each phase of exercise. There is a graphical representation of the IHM measured PAp and the table below shows corresponding 

vital signs and exercise capacity. Anaerobic threshold (AT) was determined by the attending cardiologist. Note patients 1 and 3 

have patent fenestrations. Patients 2 and 4 were on pulmonary vasodilator therapy at the time of exercise. 

One patient was started on a phosphodieasterase-5 inhibitor for clinical reasons after the catheterization and CPET. 
The patient returned about 6 months later for a follow up CPET (Figure 3). The follow up study showed that this patient 
had lower baseline mPAP and her mPAP remained low throughout exercise with the most notable change at peak 
exercise (40 mmHg vs. 15 mmHg). Exercise capacity at ventilatory anerobic threshold was higher (19.3 mL/kg/min vs. 
20.3 mL/kg/min) and ventilatory efficiency slope had improved (40.5 vs. 36.3) suggesting better ventilation-perfusion 
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matching. Oxygen Saturations were higher at rest (96% vs. 85%) as well as at peak exercise (87% vs. 71%). All of these 
changes indicated improvement in Fontan hemodynamics with medical therapy. 

 

Figure 3. Implanted hemodynamic monitor (CardioMEMs) measurements before and after initiation of pulmonary vasodi-

lator therapy. Serial recordings were obtained during exercise using IHM on patient 1, before and after commencing pulmonary 

vasodilator therapy with Phosphodiesterase-5 inhibitor (PDE5i). The graph shows decrease in Fontan pressure at baseline and all 

stages of exercise with the most profound difference seen at peak exercise showing a reduction from 40 mmHg to 15 mmHg. 

3. Discussion 

We demonstrate the utility of IHM (CardioMEMs device) in the assessment of mPAP during exercise in patients 
with Fontan circulation. Exercise is critical in understanding Fontan circulation and in prognosis of outcome in Fontan 
circulation. Prior to utilization of IHM, invasive procedures were required to directly measure or estimate mPAP. Our 
institutional practice is to place the IHM at the time of routine cardiac catheterization for patients with failing Fontan 
physiology thus not adding additional invasive procedures or morbidity [2]. In addition to mPAP monitoring during 
exercise the IHM also allows for medical management with direct monitoring of mPAP outside the cath lab. There are 
other methods to measure mPAP during exercise [10] but pediatric patients would not be tolerant of such invasive 
measures.  

There are few studies reporting experience with IHM use in Fontan circulation, one series reported higher mPAP 
during exercise in patients with single morphological right ventricles [7]. Our case series is small and with only one 
patient with a single morphological left ventricle, therefore it is challenging to make any conclusions. Although the 
IHM does provide insight about the mPAP it does not provide additional diagnostic data to explain why the mPAP may 
be abnormal. For example, Aortopulmonary collaterals may provide a volume load into the pulmonary circulation and 
cause an increase in mPAP. The same change can be seen from a rising pulmonary artery wedge pressure which may 
also result in lower exercise capacity [10]. Expertise with Fontan physiology and IHM characteristics will be critical in 
the interpretation of the mPAP data.  

 There are technical challenges in maintaining signal quality to obtain high fidelity measurements and a specialist 
who understands Fontan circulation is required to interpret IHM tracings. This is an off-label use so the IHM has been 
designed for a pulsatile system though it can be accurate with high fidelity measurements if utilized appropraitely. One 
key is to maintain a high signal strength connection which we achieved on an upright cycle ergometer. A recumbent 
cycle ergometer could also be utilized for a stress device though treadmill-based testing will not be possible. Even with 
cycle ergometer testing, interrogation of the IHM continuously during exercise requires several staff members. Apart 
from the feasability of measuring mPAP during exercise there is little in the literature about specifics of interpretation. 
Despite efforts to maintain high fidelity measurements we did have a seeming low supine pressure in patient 2 during 
the supine phase which was out of proportion to their home mPAP. This may have been related to hydration status or a 
fault with that particular measurement. There are reports of IHM requiring re-calibration [8], however, our patients all 
performed CPET within a year of their IHM implantation and apart from this single data point the remainder of exercise 
and home readings have been appropriate. 
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One of our subjects had a peak exercise mPAP of 40 mmHg. This data contributed to the decision to initiate 
pulmonary vasodilator therapy. We demonstrated that IHM can show changes in mPAP over time after initiation of 
pulmonary vasodilator therapy. The change in peak exercise mPAP (drop by 25 mmHg) was far more substantial than 
the changes in her baseline mPAP (drop by 4 mmHg).  There have been trials of initiation of pulmonary vasodilators 
in all patients [11] with Fontan circulation however, as IHM utilization increases this creates an opportunity for goal-
directed therapy for individual patients. Further study of this device may reveal the clinical implications of the Fontan 
pressures measured during CPET. 

4. Learning Objectives 

To understand how an implanted hemodynamic monitoring device may be utilized to evaluate Fontan pressures 
during a cardiopulmonary exercise test. 
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