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Abstract
Background
 Diastolic dysfunction is associated with morbidity and mortality in multiple pediatric disease processes. Cardiovascular magnetic resonance (CMR) provides a non-invasive method of studying left ventricular (LV) diastolic dysfunction through the assessment of LV filling curves and left atrial (LA) volume and function. However, there are no normative data for LV filling curves and the standard method is time-intensive. This study aims to compare an alternate, more rapid method of obtaining LV filling curves to standard methodology and report normative CMR diastolic function data for LV filling curves and LA volumes and function.

Methods
 Ninety-six healthy pediatric subjects (14.3 ± 3.4 years) with normal CMR defined by normal biventricular size and systolic function without late gadolinium enhancement were included. LV filling curves were generated by removing basal slices without myocardium present throughout the cardiac cycle and apical slices with poor endocardial delineation (compressed method), then re-generated including every phase of myocardium from apex to base (standard method). Indices of diastolic function included peak filling rate and time to peak filling. Systolic metrics included peak ejection rate and time to peak ejection. Both peak ejection and peak filling rates were indexed to end-diastolic volume. LA maximum, minimum and pre-contraction volumes were calculated using a biplane method. Inter-and intra-observer variability were assessed with intraclass correlation coefficient. Multivariable linear regression was used to assess the effects of body surface area (BSA), gender and age on metrics of diastolic function.

Results
 BSA had the largest effect on LV filling curves. Normal LV filling data are reported for both compressed and standard methods. The time to perform the compressed method was significantly shorter than the standard method (median 6.1 min vs. 12.5 min, p < 0.001). Both methods had strong to moderate correlation for all metrics. Intra-observer reproducibility was moderate to high for all LV filling and LA metrics except for time to peak ejection and peak filling.

Conclusions
 We report reference values for LV filling metrics and LA volumes. The compressed method is more rapid and produces similar results to standard methodology, which may facilitate the use of LV filling in clinical CMR reporting.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12968-023-00936-x.
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Abbreviations
	BMI
	Body mass index

	BSA
	Body surface area

	bSSFP
	Balanced steady state free precession

	CMR
	Cardiovascular magnetic resonance

	ECG
	Electrocardiogram

	EDV
	End-diastolic volume

	ESV
	End-systolic volume

	LV
	Left ventricular

	LA
	Left atrium/left atrial

	LAEF
	Left atrial ejection fraction

	LAEFActive
                           
	Left atrial ejection fraction during active phase

	LAEFPassive
                           
	Left atrial ejection fraction during passive phase

	LAmax
                           
	Maximum left atrial volume

	LAmin
                           
	Minimum left atrial volume

	LAbac
                           
	Pre-atrial contraction left atrial volume

	LV
	Left ventricle/left ventricular

	LVEDV
	Left ventricular end-diastolic volume

	PCWP
	Pulmonary capillary wedge pressure

	PER
	Peak ejection rate

	PFR
	Peak filling rate

	tPER
	Time to peak ejection rate

	tPFR
	Time to peak filling rate




Background
Left ventricular (LV) diastolic dysfunction is an important predictor of morbidity and mortality in adult and pediatric heart disease. It is characterized by impaired ventricular relaxation and is associated with increased risk for adverse cardiac outcomes including arrhythmias, myocardial hypertrophy, ventricular fibrosis and ischemia, progression to systolic dysfunction, and sudden cardiac death [1–4]. Diastolic dysfunction associates with morbidity and mortality in multiple disease processes, including dilated cardiomyopathy, hypertrophic cardiomyopathy, and after Fontan palliation [2, 3, 5, 6]. Cardiac catheterization is the gold standard for assessment of diastolic dysfunction, but it is invasive and expensive. It also typically requires sedation and positive pressure ventilation, both of which may affect measures of diastolic function. Non-invasive methods of characterizing diastolic function in children could improve clinical decision making and allow a better understanding of the implications of diastolic dysfunction in pediatric heart disease.
Echocardiography is commonly used to assess diastolic dysfunction in children, as it is non-invasive, readily available, and a relatively rapid means of doing so. Although there are multiple parameters to evaluate diastolic function by echocardiography, they all have limitations, which makes accurate assessment challenging [7]. Cardiovascular magnetic resonance (CMR) provides an alternate, non-invasive method of studying diastolic function via the measurement of leftr atrial (LA) volumes and function as well as LV filling curves. Data from our group suggest CMR diastology correlates with pulmonary capillary wedge pressure (PCWP) in pediatric heart transplant patients [8]. In addition, our group has demonstrated an association between CMR measures of diastolic function and arrhythmia in tetralogy of Fallot patients [9]. Although CMR assessment of diastolic dysfunction in pediatrics has significant potential, there are only limited reports of normative data in children. In addition, calculation of filling curves can be time-consuming. Thus, we propose an alternate and potentially more rapid method of generating LV filling curves that removes apical slices with poor endocardial delineation and basal slices without myocardium present throughout the cardiac cycle. The objectives of this study were to: 1) compare our laboratory’s more rapid method of obtaining LV filling curves to standard methodology, and 2) report normative pediatric CMR diastolic function data for both LV filling curves and for LA volumes and function.

Methods
Subject selection
This study was approved by the Vanderbilt University Medical Center Institutional Review Board. We performed a retrospective review of patients that had a normal CMR as defined by normal biventricular sizes and systolic function without evidence of late gadolinium enhancement. Of these patients, those 21 years old or younger referred for CMR for the following reasons were included: chest pain, exercise intolerance, syncope/pre-syncope, palpitations, abnormal electrocardiogram (ECG), abnormal echocardiogram, and family history of sudden cardiac death or cardiomyopathy. Patients were excluded if they had history of prior cardiac surgery, genetic syndromes, myocarditis or elevated troponin, hemodynamically significant structural heart disease (Qp:Qs > 1.5), exposure to cardiotoxic medications, prior coronavirus disease 2019 (COVID-19) infection, arrhythmia, or other chronic medical conditions. All patients retrospectively enrolled were cleared by their cardiologist. All patients with family history of cardiomyopathy were phenotypically negative, asymptomatic, had normal CMR, and had no abnormalities detected on subsequent evaluations. An additional subset of patients was enrolled prospectively as healthy volunteers to determine normal parametric mapping values. Written, informed consent was obtained for all healthy volunteers. Height and weight were measured prior to the CMR. Heart rates were taken from the heart rate calculated during the short axis stack. Blood pressure was taken prior to CMR for all clinically indicated scans but not in healthy volunteers. An initial pool of 783 patients was evaluated; a total of 96 subjects met inclusion/exclusion criteria. CMR images were obtained between 2013 and 2021.

CMR imaging
Images were obtained on  a 1.5T magnet (Avanto or Avanto Fit; Siemens Healthcare, Erlangen, Germany; Intera, Philips Healthcare, Best, The Netherlands). Balanced steady-state free precession (bSSFP) imaging was used to obtain retrospectively gated cine images in the apical two chamber, LV outflow tract, apical four chamber, and short axis views. Short axis images were obtained in a stack covering the entire LV from base to apex. Images were 8 mm thick with no gap. Typical scanning parameters were: TR = 36.5 ms, TE = 1.2 ms, flip angle 80°, voxel size 1.5 × 1.5 × 8 mm, 25 phases per cardiac cycle. Breath held images without sedation were obtained in the majority of cases, as is standard protocol in our institution. In our cohort, two patients were performed under anesthesia and two were unable to breath-hold, requiring free breathing with multiple signal averages.

Left atrial volume and function
LA volume and function analysis was performed as previously described using 4- and 2- chamber cine images by an image analyst (KGD) using QMass (MedisSuite 2.1, Medis Medical Imaging, Leiden, The Netherlands) [10, 11]. Endocardial contours of the LA area and the LA length from mitral valve annulus to posterior LA wall were measured at maximum volume (LAmax), minimum volume (LAmin), and at pre-atrial contraction (LAbac). The time of  LAmax was defined as the last image immediately before mitral valve opening. The time of LAmin was defined as the first image after the closure of the mitral valve. LAbac was determined by visual inspection as the last image before atrial contraction; if this could not be determined based on visual inspection, the LAbac was not measured (N = 7). LA areas excluded the atrial appendage and the pulmonary veins. LA volumes were calculated using the area-length method: volume = (0.848 × area4ch × area2ch)/([length2ch + length4ch]/2) [12].
The LA function was determined by calculating the total LA ejection fraction (LAEF) and the LAEF for passive (LAEFPassive) and active (LAEFActive) phases. LAEFPassive is defined as the difference between LAmax and LAbac. LAEFActive is the difference in LAbac and LAmin. LAEF was calculated as (LAmax-LAmin)/ LAmax × 100; LAEFPassive as (LAmax-LAbac)/LAmax × 100; and LAEFActive as (LAbac-LAmin)/LAbac × 100 [10].

Left ventricular filling curves
Filling curves were generated by an image analyst (KGD) by contouring each phase of the cardiac cycle. Initially, the Medis artificial intelligence (AI) algorithm was utilized to contour all phases of all images. These images were then manually adjusted using our laboratory’s standard filling curve protocol, which involves removal of basal slices without myocardium present throughout the cardiac cycle and removal of apical slices with poor endocardial delineation (referred to subsequently as “compressed method”).
Images were then re-contoured with the Medis AI algorithm such that every phase with myocardium, from apex to base, was contoured to generate filling curves as previously described (referred to subsequently as “standard method”) (Fig. 1) [13, 14]. A subset of images was reviewed by a cardiologist with over 10 years of CMR reading experience.[image: ]
Fig. 1Sample endocardial contouring for compressed A, B versus standard method C, D and left atrial (LA) volume measurements E, F


For both methods, indices of diastolic function, including peak filling rate (PFR), time to peak filling (tPFR), and PFR indexed to end-diastolic volume (EDV; PFR/EDV), and indices of systolic function, including peak ejection rate (PER), time to peak ejection (tPER), and PER indexed to EDV (PER/EDV), were automatically generated by QMass. After generating a LV time-volume curve with instantaneous filling rates plotted over time, LV filling indices were defined as the following (Fig. 2):	1.
PFR: maximal increase in LV volume over time, which correlates to the maximal positive slope in the volume curve occurring in early diastole.

 

	2.
tPFR: time interval from the end-systole phase to PFR.

 

	3.
PER: maximal decrease in LV volume over time, which correlates to the maximal negative slope in the volume curve occurring in systole.

 

	4.
tPER: time interval between end-diastolic phase to PER.

 



[image: ]
Fig. 2Sample LV filling curve with key indices of diastolic function. Estimated atrial filling curve is included below the sample left ventricular (LV) filling curve for reference. BAC before atrial contraction, EDV end-diastolic volume, ESV end systolic volume, PER peak ejection rate, PFR peak filling rate, tPER time to peak ejection rate, tPFR time to peak filling rate



Intra- and Inter-observer variability
To evaluate intra-observer variability, the same reader re-measured LA volumes and LV filling (both compressed and standard) in a subset of 25 subjects. These same 25 subjects were re-contoured by a second reader (JHS) to obtain inter-observer variability. Time to complete LV filling measurement was measured by the second reader to evaluate the length of time it would take to complete the analysis using both the compressed and standard methods.

Statistical analysis
Demographic variables were compared using either a Wilcoxon rank-sum (continuous variables) or a Chi-square or Fisher’s exact test (categorical variables). Inter- and intra-observer variability were assessed using an intraclass correlation coefficient. The following values were used as cutoffs for weak, moderate, and strong correlation respectively: 0.20–0.39, 0.40–0.59, and ≥ 0.60 [15]. Bland–Altman graphs were used as a secondary assessment of reproducibility. The effect of age, gender, and body surface area on metrics of diastolic function was evaluated using multivariable linear regression. In order to understand other factors that might affect diastolic function, the correlation of heart rate, body mass index, and systolic blood pressure with diastolic measures was evaluated using a Spearman correlation. A non-linear model using regression splines or smooth functions of covariates was also considered, but there was no evidence that such a model would provide a better fit for the data. As such, normative data are expressed in a locally weighted scatterplot smooth curve fit to allow for some curvature, but results are reported from a simple linear model, as this was found to have adequate fit. Results are then further stratified by metrics that were significant.
Analyses were performed with STATA (version 15.1, Stata Corporation, College Station, Texas, USA). Study data were collected and managed using REDCap (Research Electronic Data Capture) electronic data capture tools hosted at Vanderbilt.


Results
Of the 96 healthy subjects enrolled, 53 were male. Mean age of all participants was 14.3 ± 3.4 yr (range 7–21). The majority of participants self-identified as White (Table 1). There were 33 subjects who were recruited as healthy volunteers that underwent CMR for study purposes only. The remaining 63 subjects were patients referred for evaluation by a cardiologist and subsequently had normal CMR. The most common reason for cardiologist referral was chest pain or exercise intolerance, and the most frequent indication for CMR was an abnormal echocardiogram. The most common findings on echocardiogram, in conjunction with the patient’s chief complaint, that precipitated CMR were hemodynamically insignificant atrial septal defect (n = 11), concern for right sided chamber enlargement or LV non-noncompaction (each n = 3), and concern for anomalous pulmonary veins, septal hypertrophy, dilated aortic root, or mildly depressed systolic function (all n = 2). Key demographic data, reasons for referral and indication for CMR are summarized in Tables 1 and 2.Table 1Summary of demographic data for all subjects


	Demographic
	n (% of total)

	Age range
	 
	 7–11 years
	24 (25)

	 12–16 years
	47 (49)

	 17–21 years
	25 (26)

	Gender
	 
	 Male
	53 (55)

	 Female
	43 (45)

	Race
	 
	 White
	63 (65)

	 Black
	10 (10)

	 Other
	3 (3)

	 Not specified
	20 (21)

	Body surface area (m2)
	 
	 0.75–1.59
	34 (35)

	 1.60–1.89
	24 (25)

	 ≥ 1.90
	38 (40)



Table 2Referral reasons and cardiovascular magnetic resonance (CMR) indications for all subjects


	 	Reason for cardiologist referral
(% of sample)
	Reason for CMR evaluation
(% of sample)

	Chest pain or exercise intolerance
	19 (20)
	3 (3)

	Syncope/pre-syncope
	12 (13)
	7 (7)

	Family history of cardiomyopathy/sudden death
	10 (10)
	8 (8)

	Atrial septal defect
	5 (5)
	–

	Murmur
	4 (4)
	–

	Abnormal echocardiogram
	5 (5)
	33 (34)

	Abnormal electrocardiogram
	2 (2)
	9 (9)

	Palpitations
	3 (3)
	–

	Other
	3 (3)
	3 (3)

	Recruited as healthy controls
	33 (34)
	33 (34)




Reproducibility
The compressed and standard methods for assessment of diastolic filling correlated strongly for PER, PER/EDV, PFR, and PFR/EDV (ICC = 0.87, 0.82, 0.86, and 0.85 respectively, p < 0.001 for all). There was moderate correlation for tPER and tPFR (ICC = 0.50 and 0.40, p < 0.001 for both). ICC data are summarized in Table 3. Bland Altman analysis suggests an expected bias for PFR and tPFR that resolved with EDV correction (Additional file 1: Fig. S1). The intra-observer reproducibility was high for both the compressed and standard methods for PER, PER/EDV, PFR, and PFR/EDV (Table 4).Table 3Intraclass correlation coefficients (ICC) demonstrating strength of correlation between compressed and standard methods


	 	ICC
	p-value

	PFR
	0.86
	 < 0.001

	tPFR
	0.40
	 < 0.001

	PFR/EDV
	0.85
	 < 0.001

	PER
	0.87
	 < 0.001

	tPER
	0.50
	 < 0.001

	PER/EDV
	0.82
	 < 0.001



Table 4Reproducibility data for LV filling metrics by standard (a) and compressed (b) methods


	 	Intra-observer variability
	Inter-observer variability

	Correlation coefficient (r)
	p-value
	Correlation coefficient (r)
	p-value

	Standard method (3a)
	 	 	 	 
	 PER
	0.93
	 < 0.001
	0.81
	 < 0.001

	 tPER
	0.59
	0.002
	0.57
	0.003

	 PER/EDV
	0.83
	 < 0.001
	0.45
	0.021

	 PFR
	0.93
	 < 0.001
	0.83
	 < 0.001

	 tPFR
	0.41
	0.028
	-0.02
	0.54

	 PFR/EDV
	0.91
	 < 0.001
	0.69
	 < 0.001

	Compressed method (3b)
	 	 	 	 
	 PER
	0.84
	 < 0.001
	0.81
	 < 0.001

	 tPER
	0.20
	0.129
	0.38
	0.028

	 PER/EDV
	0.85
	 < 0.001
	0.76
	 < 0.001

	 PFR
	0.85
	 < 0.001
	0.79
	 < 0.001

	 tPFR
	0.51
	0.004
	0.09
	0.325

	 PFR/EDV
	0.89
	 < 0.001
	0.87
	 < 0.001




Inter-observer reproducibility was high for PER and PFR regardless of which method was used, but PER/EDV and PFR/EDV reproducibility were only high in the compressed method (Table 4). The reproducibility of tPER and tPFR (both intra- and inter-) was average to poor no matter which method was used. Bland–Altman graphs suggests good reproducibility with a mild bias based on the reader for both compressed and standard methods (Additional file 1: Figs. S2 and S3). Intra-observer reproducibility was high for LAmax, LAmin, and LAbac. Inter-observer reproducibility was high for LAmax and moderate for LAmin and LAbac (Table 5).Table 5Reproducibility data for LA volumes


	 	Intra-observer Variability
	Inter-observer Variability

	Correlation coefficient (r)
	p-value
	Correlation coefficient (r)
	p-value

	LAmax
	0.80
	 < 0.001
	0.78
	 < 0.001

	LAmin
	0.79
	 < 0.001
	0.66
	 < 0.001

	LAbac
	0.83
	 < 0.001
	0.63
	 < 0.001




The time to perform the compressed method was significantly shorter than the standard method, with a median time of 6.1 IQR (4.5, 7.5) vs 12.5 min IQR (11.3, 16.1), p < 0.001.

Normative data and multivariable regression
Multivariable linear regression analysis was used to determine the effects of body surface area (BSA), gender, and age on measures of diastolic function. These results were used to determine how the normative data would be presented for each variable. Of note, age did not have an effect on filling metrics when BSA was included in the models, therefore no normative data are stratified by age. Both BSA and gender had significant effects on PER and PFR; normal values for PER and PFR are therefore categorized by BSA and gender (Table 6). The effect of BSA and gender on PFR and PER are further highlighted in Fig. 3. The equations for the multivariable regression for PER and PFR using the compressed method are:Table 6Reference values for PFR and PER categorized by BSA and gender. IQR: interquartile range


	 	Body surface area
0.75–1.59 m2
(n = 34)
	Body surface area
1.60–1.89 m2
(n = 24)
	Body surface area
 ≥ 1.9 m2
(n = 38)

	Male (n = 11)
	Female (n = 23)
	Male (n = 14)
	Female (n = 10)
	Male (n = 28)
	Female (n = 10)

	Standard method
	 	 	 	 	 	 
	 Peak filling rate (ml/s)
	 	 	 	 	 	 
	  Median
(IQR)
	319 (293,393)
	371 (321,449)
	502 (458,548)
	427 (394,506)
	563 (483,643)
	533 (479,613)

	  Mean ± SD
	345 ± 73
	369 ± 83
	491 ± 72
	449 ± 66
	584 ± 122
	550 ± 71

	 Peak ejection rate (ml/s)
	 	 	 	 	 	 
	  Median
(IQR)
	321 (293,381)
	346 (303,387)
	488 (408,586)
	453 (409,526)
	623 (528,672)
	519 (458,646)

	  Mean ± SD
	325 ± 51
	346 ± 74
	493 ± 97
	455 ± 72
	622 ± 122
	541 ± 91

	Compressed method
	 	 	 	 	 	 
	 Peak filling rate (ml/s)
	 	 	 	 	 	 
	  Median
(IQR)
	249 (212,297)
	281 (230,341)
	409 (361,469)
	319 (292,353)
	460 (410,514)
	452 (392,492)

	  Mean ± SD
	262 ± 59
	284 ± 69
	410 ± 66
	330 ± 67
	475 ± 96
	455 ± 66

	 Peak ejection rate (ml/s)
	 	 	 	 	 	 
	  Median
(IQR)
	245 (214,268)
	222 (204,274)
	376 (318,417)
	273 (251,345)
	448 (389,497)
	374 (314,434)

	  Mean ± SD
	245 ± 39
	242 ± 56
	364 ± 58
	299 ± 57
	455 ± 82
	375 ± 62



[image: ]
Fig. 3Effect of body surface area (BSA) and gender on peak filling rate (PFR) and peak ejection rates (PER). PFR and PER vary based on gender and BSA. Plots demonstrated normative data by BSA and gender in both compressed and standard methods for PER A, B and PFR (C, D)


Predicted PER = 32.5 + 197(BSA) – 32.4(gender); Root mean squared error (RMSE) = 67.5
Predicted PFR = 26.5 + 215(BSA) – 23.0(gender); RMSE = 79.6
Where gender is coded as 1 for male and 2 for female. The equations for Z-score calculation are:
ZPER = (PER – (32.5 + 197(BSA) – 32.4(gender))) / 67.5
ZPFR. = (PFR – (26.5 + 215(BSA) – 23.0(gender))) / 79.6
Using the compressed method, PFR/EDV and PER/EDV were not significantly affected by BSA, gender, or age. PFR/EDV using the standard method was also not affected by BSA, gender, or age, but PER/EDV measured using the standard method demonstrated a small difference by gender (p = 0.02). Therefore, normative data for all of these metrics are stratified by gender (Table 7).Table 7Reference values for PFR and PER indexed to EDV, categorized by gender. IQR: interquartile range


	 	Male
(n = 53)
	Female
(n = 43)

	Standard method
	 	 
	 PFR/EDV
	 	 
	  Median
(IQR)
	3.2
(2.7,3.7)
	3.6
(3.0,4.0)

	  Mean ± SD
	3.2 ± 0.7
	3.6 ± 0.7

	 PER/EDV
	 	 
	  Median
(IQR)
	3.2
(2.8,3.6)
	3.3
(3.1,3.8)

	  Mean ± SD
	3.2 ± 0.6
	3.5 ± 0.5

	Compressed method
	 	 
	 PFR/EDV
	 	 
	  Median
(IQR)
	3.1
(2.7,3.8)
	3.4
(3.1,3.9)

	  Mean ± SD
	3.2 ± 0.7
	3.5 ± 0.7

	 PER/EDV
	 	 
	  Median
(IQR)
	3.0
(2.7,3.2)
	3.0
(2.7,3.3)

	  Mean ± SD
	3.0 ± 0.6
	3.0 ± 0.5




Because tPER and tPFR were not significantly affected by BSA, gender or age, normal values are reported without further categorization (Table 8). LA volumes were not significantly affected by BSA, gender, or age (all p > 0.05). Thus, normative data for LA values are reported without categorization in Table 9.Table 8Reference values for tPFR and tPER. IQR: interquartile range


	 	tPER (ms)
	tPFR (ms)

	Standard method
	 	 
	 Median
(IQR)
	120
(101,140)
	141
(125,162)

	 Mean ± SD
	124 ± 32
	145 ± 29

	Compressed method
	 	 
	 Median
(IQR)
	127
(111,142)
	125
(109,147)

	 Mean ± SD
	128 ± 22
	130 ± 28



Table 9Reference values for LA volumes indexed to BSA and LA function


	 	LAmax (ml/m2)
	LAmin (ml/m2)
	LAbac (ml/m2)
	LAEF
	LAEFPassive
	LAEFActive

	Median
(IQR)
	33
(29,38)
	13
(11,16)
	20
(18,26)
	0.59
(0.54,0.65)
	0.40
(0.28,0.46)
	0.34
(0.27,0.43)

	Mean ± SD
	34 ± 7
	14 ± 4
	22 ± 7
	0.59 ± 0.09
	0.36 ± 0.14
	0.34 ± 0.11





Correlations with other variables of interest
PFR correlated strongly with systolic blood pressure, but PFR/EDV did not (Additional file 1: Table S1). Indexed LA volumes only correlated weakly with systolic blood pressure. Multivariable linear regression demonstrated that PFR no longer correlated with systolic blood pressure once BSA was included in the model, suggesting that the blood pressure correlation with PFR was due to patient size. Similarly, PFR correlated with body mass index (BMI) but no longer had a significant association after correction for BSA. Heart rate did not correlate with PFR or tPFR, but correlated moderately with PFR/EDV. Further evaluation demonstrated a moderate correlation with LV end-diastolic volume (LVEDV) and indexed LVEDV (Rho = -0.47 and Rho = -0.49, p < 0.001 for both) suggesting that this correlation may be driven by LVEDV.


Discussion
Ventricular filling curves and LA volumes calculated using CMR have significant potential for the non-invasive assessment of diastolic function in pediatric patients. However, these data have been limited by a scarcity of normative values and, in the case of LV filling curves, the time-intensive analysis process. Even with the use of artificial intelligence for automatic contouring of the ventricles, the time to complete diastolic filling curves likely prevents its routine use for clinical reports. This manuscript addresses these limitations by: (1) reporting normative data for LA function and ventricular filling curves in pediatric patients; (2) reporting an alternative, compressed method for ventricular filling curves that can be performed more quickly than the standard method. Importantly, the filling metrics derived from the compressed method correlate strongly with those from the standard method and are equally reproducible.
Several prior studies have reported normal values for biventricular EDV, end-systolic volume (ESV), stroke volume, wall mass and ejection fraction in children [16–19]. The most comprehensive review of normal CMR values by Kawel-Boehm et al. reports a summary of all available data for normal morphological and functional parameters in both children and adults [20]. The only prior evaluation of LA volumes in pediatric patients of which we are aware demonstrated relatively constant indexed LA volume in females, but a slight increase in the indexed volumes in males [12]. While we did not see a difference between genders in our data, there were methodological differences that may explain this discrepancy, including the inclusion of the appendage in their data and the use of a semi-automatic thresholding method for volumetric analysis as opposed to the biplane method. LA functional data have been well studied in adult populations. LAEF is of particular utility in evaluating diastolic dysfunction as it correlates with elevated LV end-diastolic pressure by invasive measures, and is an indicator of diastolic dysfunction [21, 22]. Similarly, in patients with hypertrophic cardiomyopathy, a decline in LA function is often observed prior to LA volume changes or myocardial hypertrophy [8]. Much of the current understanding of pediatric LA function is extrapolated from adult studies. This is the first study of which we are aware to report normative CMR LA functional data in pediatric patients.
There are no established pediatric reference ranges for LV filling curves of which we are aware. This is also the first report of our compressed method for calculating LV filling, which substantially decreases the analysis time for calculating LV filling. A recently published study by Kikano et al. highlights the association of CMR diastolic indices with arrhythmia in repaired tetralogy of Fallot. Prolonged tPFR and lower PFR/EDV were indicators of future arrhythmia development and associated with higher rates of mortality [9]. Abnormal CMR diastolic filling indices have also been previously associated with adverse outcomes in adults with hypertrophic cardiomyopathy, coronary artery disease, and varying degrees of heart failure [23–26]. In particular, prolonged tPFR and low PFR/EDV were shown to be highly sensitive and specific predictors of early LV diastolic dysfunction [24]. Prior adult data have demonstrated normal PFR in males and females that are comparable to our results in the largest BSA tertile from our study [27]. Interestingly, that same study reported nearly identical PFR/EDV, suggesting that this is relatively constant across age, BSA, and gender. Newly established normative pediatric data for LV filling and LA volumes and function may aid clinicians in more accurately evaluating diastolic function in a non-invasive manner, and potentially identifying early signs of diastolic dysfunction. This is of particular importance, as diastolic dysfunction is associated with adverse cardiac outcomes throughout the life span [2, 3, 5, 6]. Based on our findings, we expect that PFR and PFR/EDV will be the highest impact filling parameters, while LAEF will be the highest impact LA metric, in line with previous studies on diastolic function [9, 10, 21, 23, 25].
Both methods of diastology in this study have similar reproducibility, but our laboratory’s compressed method takes approximately half the time compared to standard methodology. Not surprisingly, the compressed method generates slower absolute filling and ejection rates when compared to the standard method. The most likely explanation for this difference is the relative differences in ventricular volumes that are used for rate calculation. The rate of ventricular filling is a product of ventricular volume and heart rate. Several slices are removed from the base and apex, resulting in a relatively smaller ventricular volume compared to the standard method. Furthermore, standard methodology will often add additional volume at the base during diastole, but not systole, due to the longitudinal motion of the heart. The combination of these two factors results in a disproportionally higher volume removed from the EDV volume measurements compared to ESV. Although there is a difference in the absolute values, it is important to note that the basic shapes of the LV filling curves are similar, which results in the strong ICC between the two methods. Thus, we propose that when used in a consistent manner, our compressed method remains an effective and highly reproducible approach to diastology that is less time intensive than standard methodology.
Prior work in adults with various heart diseases demonstrate an association between CMR derived values for PFR, tPFR, PFR/EDV and LAEF and elevated LV end-diastolic pressure [22, 28–30]. Data in pediatric heart transplant recipients also demonstrates an association between PFR and LA volumes with PCWP, though PCWP was measured under general anesthesia, which likely limited the association [8]. Given the complexity of diastole, future work should focus on understanding the relationship between CMR diastology metrics and those calculated from cardiac catheterization and echocardiography. A better understanding of factors affecting CMR diastology, such as BMI and heart rate, is also important. In addition, investigators should determine which heart diseases benefit the most from calculation of diastolic metrics.

Limitations
This study has several limitations. Most notably, tPFR and tPER reproducibility is average to poor compared to the other indices that were highly reproducible. We hypothesize that the poor reproducibility is a consequence of the inherent limitations in CMR temporal resolution. A small difference in the slope of the curve could move the tPFR or tPER by 1–2 phases, thus resulting in a significant decrease in the correlation. Interpolation of phases may improve the reproducibility. Additionally, it was not possible in this retrospective study to obtain full atrial volumes with volumetry. Best estimations are reported with the area-length method, but there may be significant differences between these estimates and true volumes. Further investigation with a prospective cohort may improve LA volume analysis. Our study was also limited by sample size, though the total sample is similar to prior pediatric reports [17, 18, 31]. In particular, there was a small sample of children less than 10 years old and none below 7 years old, which is not an uncommon limitation in pediatric CMR studies. Therefore, use of reference values may not be as accurate in children younger than 7 years of age, and future studies should be undertaken to report normative data for this age group. Finally, given the relatively small sample size, Z-scores should be interpreted with caution.

Conclusions
In conclusion, we report normative CMR LV filling data for pediatric patients as measured by two different methods. We also report normative data for LA volume and function. Our laboratory’s compressed method of generating LV filling curves is more rapid with similar results to the standard method and may facilitate the measurement of diastolic function in pediatric patients.
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