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Abstract: Background: Repaired Tetralogy of Fallot (rTOF) patients may have residual lesions such as main (MPA) and branch pulmonary artery stenosis (BPAS). While MPA stenosis is well studied, few data are available on BPAS in rTOF. We aimed to describe pulmonary perfusion in a large paediatric cohort of rTOF and its impact on right ventricular and outflow-tract hemodynamics using 4D flow CMR. Methods: 130 consecutive patients (mean age at CMR 14.3 ± 4.6 years) were retrospectively reviewed. 96 patients had transannular patch without valve preservation while 34 patients had conserved annulus or valved conduit. A pulmonary blood flow ratio (right pulmonary artery (RPA)/left pulmonary artery (LPA)) between 0.75 and 1.56 was considered normal. Results: Asymmetric pulmonary perfusion was present in 59/130 patients (45%), with 54/59 (91%) having left lung hypoperfusion (blood flow ratio >1.56). RPA/LPA perfusion ratio in the whole cohort was independently associated with the LPA Z-score (−0.053, p = 0.007), the RPA regurgitant fraction (RF) (0.013, p = 0.011) and previous LPA stenting (0.648, p = 0.004). Decreasing LPA % perfusion (and conversely increasing RPA % perfusion) was significantly associated with higher MPA diameter Z-score (−0.06, p = 0.007). On multivariate analysis, MPA Z-score was independently associated with pulmonary RF (0.48, p < 0.001) and with right ventricular indexed volumes (coefficient 3.6, p = 0.023). In patients with transannular patch repair, asymmetric pulmonary flow was an independent predictor of right ventricular ejection fraction (RVEF) (−3.66, p = 0.04). Conclusions: Pulmonary perfusion asymmetry is frequent in rTOF and is associated with abnormal right ventricular and outflow-tract hemodynamics, including MPA dilatation and decreased RVEF in patients after transannular patch.
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	Abbreviations


	TOF
	Tetralogy of Fallot



	rTOF
	Repaired Tetralogy of Fallot



	BPAS
	Branch pulmonary artery stenosis



	CHD
	Congenital Heart Disease



	RVOT
	Right ventricular outflow tract



	PVR
	Pulmonary valve replacement



	MPA
	Main pulmonary artery



	PA
	Pulmonary artery



	RV
	Right ventricle



	PR
	Pulmonary regurgitation



	EF
	Ejection fraction



	RVEF
	Right ventricular ejection fraction



	LPA
	Left pulmonary artery



	RPA
	Right pulmonary artery



	RF
	Regurgitation fraction



	PRF
	Pulmonary regurgitation fraction



	LVEDV
	Left ventricle end diastolic volume




1  Introduction

Tetralogy of Fallot (TOF) is the most common cyanotic heart defect (CHD), accounting for 3%–5% of all infants born with CHD [1]. The advent of cardiac surgery has led to improved survival to adulthood with about 17 per 100,000 adults currently living with repaired TOF (rTOF) [2,3]. Adult survivors are, however, not cured, and many have residual hemodynamic lesions such as pulmonary regurgitation (PR), residual right ventricular outflow tract (RVOT) or main pulmonary artery (MPA) stenosis, and branch pulmonary artery stenosis (BPAS). Residual stenosis of the MPA is well studied and is associated with abnormal pulmonary artery (PA) growth, leading to adverse right ventricle (RV) remodelling and dysfunction, and chronic ventilation-perfusion mismatch [4,5] with consequent increased RV afterload.

In contrast, very few data are available on the burden of unilateral residual BPAS in rTOF patients. Past investigations found that patients with significant residual unilateral BPAS seem to have reduced exercise tolerance compared to other rTOF patients [6–10]. These studies also suggested that BPAS may exacerbate pulmonary regurgitation (PR).

Pulmonary regurgitation is an important determinant not only of RV dilatation and remodelling but also of exercise capacity in rTOF patients [9,11,12]. PR in these patients has been shown to relate to the use of a transannular patch to reconstruct the RVOT. Furthermore, transannular patching and/or aggressive infundibulectomy predispose to RVOT aneurysms or akinetic regions. Although well tolerated in the short term, PR is an important determinant of late outcome in rTOF patients, being associated with progressive ventricular dysfunction, arrhythmia, exercise intolerance and late sudden death [2–5].

Frigiola et al. [13] demonstrated that in patients with rTOF over 35 years of age and free from pulmonary valve replacement (PVR), normal exercise capacity was associated with unobstructed branch pulmonary arteries, mild residual RVOT obstruction and pulmonary annulus diameter Z-score < 0.5. Interestingly, Petit et al. [14] showed that relief of unilateral BPAS reduces PR and improves RV systolic function in an animal model. In humans, limited data suggest that successful balloon angioplasty of unilateral BPAS can improve exercise capacity, ventilatory efficiency and symptoms in rTOF patients [15,16], but the majority of clinical research has been focused on the successful performance of percutaneous procedures, assuming clinical benefit rather than confirming it.

Furthermore, severity of isolated unilateral BPAS is often underestimated because pulmonary arteries are often poorly visualized by echocardiography and finding “normal right ventricular pressure” may be misleading. Additionally, the belief that PA development has been completed in young patients may contribute to the underestimating unilateral BPAS so that intervention may never be undertaken [16].

4D flow MRI is an accurate, non-invasive method to evaluate flow hemodynamics in rTOF patients [17,18] that does not involve ionizing radiation. It allows evaluation of PA flow and estimation of differential lung perfusion, even after stent implantation, allowing direct measurement of distal branch PA flow, often not possible with conventional 2D phase contrast MRI because of stent artifacts.

The aims of our study are 1) to describe the prevalence of asymmetrical pulmonary perfusion in a large paediatric cohort of rTOF patients; 2) to assess the potential impact of pulmonary perfusion asymmetry on PR, MPA diameter, RV volume and systolic function.

2  Material and Methods

2.1 Study Population

We retrospectively included all consecutive patients with a history of surgical repair of TOF (with pulmonary stenosis or atresia or absent pulmonary valve) who were admitted to one tertiary hospital for their scheduled follow-up from May 2017 to July 2020 and underwent cardiac MRI with 4D flow acquisition. Patients were divided in two groups according to previous surgical treatment: Group 1-transannular patch without valve preservation; Group 2-surgical repair with conserved valve function (conserved annulus or valved RV-PA conduit). The study complied with European GRPD law on retrospective studies (MR004 conformity, registration n° 20200509173610).

Exclusion criteria were: Complex associated cardiac anomalies, presence of major aorto-pulmonary collateral flow, associated respiratory pathologies, or PVR (Fig. 1).
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Figure 1: CONSORT flow chart of study cohort

2.2 CMR Acquisition

Cardiac magnetic resonance was performed using a 1.5 Tesla magnet (MR450 GE Medical systems, Milwaukee, USA). Images were acquired with a 32-channel phased-array cardiac coil and a vector electrocardiogram for R wave triggering using a standard CMR imaging protocol. The images were acquired during a breath hold if possible, or during free-breathing in patients younger than 6 years of age. RV dimensions and function were obtained from a steady-state free precession short-axis stack (FIESTA), as well as 2 and 4 chamber views.

2.3 4D CMR Acquisition

All 4D CMR flow data were acquired using a gadolinium-based contrast agent (Gadovist 1 mmol/mL, Bayer, Mijdrecht, The Netherlands) and the same 1.5-T Discovery MR450 machine. The images were acquired during free-breathing, using semi-retrospective ECG gating to produce a three-dimensional volume covering the entire heart. The parameters were as follows: TR/TE, 2.7/2.2 ms; flip angle, 10°; acquisition voxel size-2.1 × 2.1 × 2.4 mm; reconstructed voxel size-1.4 × 1.4 × 1.2 mm; 30 phases reconstructed during one average cardiac cycle. The velocity encoding value was individually adapted to yield images without aliasing artefacts (200–550 cm/s).

2.4 Data Analysis and Measurement

The images were read by two experienced paediatric cardiologists (13 and 5 years of experience in congenital heart disease imaging, respectively). Quantification of ventricular volumes and function were performed using dedicated software (Qmass 7, 2, Medis, Leiden, The Netherlands).

Definitions of RV dilatation and normal RV ejection fraction (EF) were based on reported normal values [19].

4D flow raw data were processed using dedicated software (Arterys Inc., San Francisco, CA, USA).

4D flow quantifications were assessed using cloud-based image reconstruction after data correction (Fig. 2, supplementary Video 1).
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Figure 2: Multiplanar view of 4D flow acquisition in a patient with left lung hypoperfusion. RPA: Right pulmonary artery; LPA: Left pulmonary artery

The pulmonary valve was identified within the volumetric data set on the double-oblique cross-sectional views.

MPA and branch PA diameters were measured during diastole at proximal pulmonary trunk level and proximal part of the branch PAs, respectively. The Z-score was calculated using algorithms reported by Knobel et al. [20].

The following parameters were measured or calculated for MPA, left (LPA) and right (RPA) branches: Forward flow volume; regurgitant flow volume; net forward flow volume; PR fraction (PRF); net forward flow to right lung [as % of total net pulmonary flow], net forward flow to left lung [as % of total net pulmonary flow] and blood flow ratio to the right and left lungs (net forward flow to right lung [%]/net forward flow to left lung [%]). A blood flow ratio (R/L) between 43/57 (0.75) and 61/39 (1.56) was considered normal as proposed by Lin et al. [21]. Asymmetric flow was defined as a blood flow ratio >1, 56 or <0.75.

The relationship between 4D flow CMR parameters and PRF, MPA Z-score, RV ejection fraction (RVEF) and RV end-diastolic volume (RVEDV) was examined to explore the impact of flow abnormalities on right heart hemodynamics.

2.5 Statistical Analysis

Continuous data were described as mean ± SD when normally distributed or as median (ICR–interquartile range) if not, and categorical data as number (%). Distribution normality was checked using the Shapiro-Wilk test. The Chi2 test was used to compare categorical variables and Student’s t-test to compare continuous variables. A median regression model was used to identify variables independently associated. Values of p below 0.05 were taken to indicate significant differences. The statistical analyses were performed using JMP 9.1 software (SAS Institute Inc., Cary, USA).

3  Results

3.1 Clinical and CMR Results

130 consecutive patients (mean age at CMR 14.3 ± 4.6 years) were reviewed. Clinical and CMR characteristics are shown in Table 1. 96 patients had transannular patch without valve preservation (Group 1) while 34 patients had surgical repair with conserved valve function (conserved annulus or valved RV-PA conduit, Group 2). 3/130 (3%) patients had previous RPA stenting, 19/130 (14%, 6%) had previous LPA stenting.
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As shown in Table 1, median PRF was 37% (ICR 26–45%) with a statistically significant difference between Group 1 and Group 2. Median RVEDVi was 118 ml/m2 (ICR 97–139 ml) with a significant difference between Groups 1 and 2.

Pulmonary perfusion ratio was significantly different between Groups 1 and 2 with higher prevalence of asymmetric flow in Group 1 than in Group 2.

3.2 Predictors of RPA/LPA Perfusion Ratio and Asymmetric Flow

On multivariate analysis, the RPA/LPA perfusion ratio in the whole cohort was independently associated with the LPA Z score, the regurgitant fraction of the RPA (respectively, coefficient −0.053 p = 0.007 and coefficient 0.013 p = 0.011) and previous LPA stenting (coefficient 0.648, p = 0.004). Indeed, a higher RPA RF and presence of a stent in the LPA were associated with a higher likelihood of asymmetric pulmonary blood flow (respectively OR 1.03, p = 0.037; OR 4.3, p = 0.02).

In a subgroup analysis of group 1, independent associations of RPA/LPA perfusion ratio were LPA Z-score (coefficient −0.06, p = 0.02) and LPA stenting (coefficient 0.625, p = 0.035), while no associations were found for Group 2. A lower LPA Z-score was also associated with overall asymmetric pulmonary perfusion (OR 0.84, p = 0.04).

Additionally, in the full cohort, decreasing LPA % perfusion (and conversely increasing RPA % perfusion) was significantly associated with higher MPA Z-score (coefficient −0.06, p = 0.007, Supplementary Fig. 1).

3.3 Predictors of PRF

On multivariate analysis MPA Z-score was independently associated with PRF (coefficient 0.48, p < 0.001) in the whole cohort. Subgroup analysis showed independent association of PRF with LPA stenting (coefficient 3.2, p < 0.01), but only in the group with transannular patch (Group 1).

3.4 Predictors of RVEDVi and RVEF

In the whole cohort, PRF was the only independent predictor of RVEDVi (0.98, p = 0.039). However, in subgroup analysis (Fig. 3), MPA Z-score was also associated with the RVEDVi independently of PRF (coefficient 3.6, p = 0.023) in the patients with transannular patch (Group 1).
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Figure 3: Correlation between MPA Z-score and RVEDVi in Group 1 and Group 2. MPA: Main pulmonary artery; RVEDVi: Right ventricular end diastolic volume indexed for BSA

The only significant independent predictor of RVEF identified was asymmetric pulmonary flow in Group 1 (−3.66, p = 0.04), as displayed in Fig. 4. No other predictors were identified in either the full cohort or Group 2.
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Figure 4: Correlation between presence or absence of asymmetric pulmonary perfusion and RVEF % in Group 1. RVEF: Right ventricular ejection fraction

3.5 Limitations

This is a retrospective, cross-sectional observational study, with no longitudinal data. Consequently, progression of flow dynamics and right heart hemodynamics cannot be evaluated.

Longitudinal studies are needed to explore the long-term role of predictors identified in our study, by repeating MRI 4D flow study regularly in the same cohort of patients.

4  Discussion

To the best of our knowledge this is the first study analysing pulmonary perfusion distribution and its impact on right heart hemodynamics in a large cohort of paediatric patients. Pulmonary perfusion asymmetry is often underestimated, because echocardiography cannot show the anatomy of the distal branch pulmonary arteries and cannot measure relative pulmonary flow.

Previous studies have suggested that pulmonary flow maldistribution may have an adverse impact on exercise performance and general clinical status of the patient [6–10]. For this reason, we wanted to explore pulmonary flow distribution in a large cohort of paediatric patients after repair of TOF.

Our results show that pulmonary blood flow is often asymmetric (48% of all our cohort) and that the most prevalent form of asymmetry is left lung hypoperfusion with a prevalence of 42% (54/130) in our population. Asymmetric flow is also more prevalent after transannular patch without valve preservation. We confirmed that this group of patients is also more prone to RV dilation and higher PRF.

Moreover, we demonstrated that in patients without valve preservation (Group 1), RPA/LPA perfusion ratio is strongly associated with the dimension of the LPA and the presence of a LPA stent and not with branch PA RF. Interestingly, asymmetric pulmonary flow is the only independent predictor of lower RV ejection fraction that we found in this patient group.

Furthermore, decreasing LPA % perfusion (and conversely increasing RPA % perfusion) is associated with a higher MPA Z-score, an independent predictor of both PRF and RV dilatation. We speculate that unbalanced pulmonary flow adversely influences right heart hemodynamics, leading to dilatation of the pulmonary trunk and progression of PRF, RV dilatation and decreased of RV EF in patients repaired without valve preservation (Group 1).

In patients with preserved valve or valved conduit (Group 2), we found no evidence of an impact of asymmetry on right heart hemodynamics. Our findings are consistent with the hemodynamic characteristics of a more rigid system with a preserved valve or surgical conduit.

Identifying better predictors of right heart hemodynamics is important for decision-making in patient after TOF repair. We know that chronic PR adversely affects prognosis [2–5], leading to RV dysfunction, reduced exercise capacity, arrhythmias and sudden death. Severe PR and RV dilatation are also included in the decision algorithm for PVR. The current indications for PVR in rTOF with hemodynamically significant PR, according to the most recent guidelines, are based on the presence of symptoms (Class I) [22]. In asymptomatic patients, PVR performed prior to a specific ventricular size is associated with normalization of RV volumes, but not improved morbidity or mortality [23,24].

A recent study from Boston Children’s Hospital found no evidence that mild or even moderate RV dilatation after PVR—based on end-diastolic volume criteria alone—is associated with adverse clinical outcomes [25].

No extensive study has been performed exploring the role of unbalanced pulmonary perfusion in patients after TOF repair before or after PVR. Here, we demonstrate that pulmonary perfusion maldistribution is common in patients after TOF repair. In our cohort this condition has a clear association with impaired right heart hemodynamics, independent of PRF, in the presence of a transannular patch (Supplementary Fig. 2).

Another recent study from our group has demonstrated that in patients with severe PR, no resting MRI measurement predicts poor exercise performance [26]. We speculate that other MRI parameters, such as pulmonary perfusion asymmetry, should be investigated as predictors of exercise performance. If our findings are further clarified and confirmed, routine study of pulmonary perfusion symmetry should be added to follow up MRI protocols and the presence of unbalanced perfusion should be taken into account in management decisions.

5  Conclusion

Pulmonary perfusion asymmetry, in particular LPA hypoperfusion, is common in rTOF patients, and is strongly associated with branch PA hypoplasia. Perfusion asymmetry is associated with MPA dilatation and RV dysfunction in the presence of a transannular patch. Assessment of pulmonary flow distribution should be part of routine follow-up in rTOF patients. Longitudinal studies are needed to study hemodynamic and clinical impact of pulmonary flow maldistribution over time.
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Supplementary Figure 1: Correlation between % of left pulmonary perfusion and MPA Z-score. MPA zs: Main pulmonary artery Z-score; LPA: Left pulmonary artery
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Supplementary Figure 2: Graphical abstract about physiopathological hypothesis of the impact of pulmonary perfusion asymmetry on right ventricular dilation and dysfunction, independently from pulmonary regurgitation
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Table 1: Clinical and CMR patients’ characteristics

Total Transannular Conserved valve function p
population patch (conserved annulus or
valved RVPA conduit)

N 130 96 (73.8%) 34 (26.8%)
Gender (% male) 61%, 53% 77%, 5% 22%, 5% 0.23
Diagnosis 111 (85%) 83 (87%) 28 (82%) 0.228
ToF 15 (12%) 9 (9%) 6 (18%)
PA + VSD 4 (3%) 4 (4%) 0 (0%)
ToF absent PV
Age at repair (months) 53971 4 (3;6.5) T 6 (4.8;17.3) 0.005
Previous palliation 29 (22.3%) 19 (65.5%) 10 (34.5%) 0.247
BT shunt 21 (16.2%) 16 (76.2%) 5 (23.8%) 0.789
RVOT procedure
Age at MR study (years) 14.3 +—4.6* 14.1 + —4.6)* 15.0 + —4.4* 0.296
RVEDVi (ml/m?) 118 (97;139) + 127 (105;145) + 101 (84;118) ¥ 0.0001
RVEF (%) 51 (46;55) 1 51 (46;56) 1 49 (43;54) 0.1105
PRF (%) 37 (26;45) T 38 (30:47) T 18 (10;35) <0.0001
RPA/LPA perfusion 1.5(1.2;23)F 1.6 (1.2;23) 1.3 (1.1;1.5) f 0.0387
Asymmetric flow 59 (47.6%) 51 (54.8%) 8 (25.8%) 0.005
RPA zs 1.93 +-3.28*%  2.07 + —3.39% 1.51 + —2.95* 0.3952
LPA zs 0.10 + —4.34*  0.52 + —4.21%* 1.08 + —4.53* 0.0641
PA angioplasty
RPA 4 (3%) 3 (3%) 1 3%) 0.957
LPA 19 (14.6%) 17 (17%) 2 (6%) 0.093
PA stenting
RPA 4 (3%) 3 (3%) 1 3%) 0.957
LPA 19 (14.6%) 17 (17%) 2 (6%) 0.093

Note: *average + SD, T median (c25; ¢75). Asymmetric pulmonary perfusion was present in 59/130 patients (47.6%), with 54/59 having left lung
hypoperfusion (blood flow ratio >1.56) and 5/59 having right lung hypoperfusion (blood flow ratio <0.75).
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