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Abstract: Congenital heart disease (CHD) is the most common type of birth defect, representing a significant cause of perinatal morbidity and mortality. Early diagnosis of such anomalies is crucial for improving outcomes. Current protocols recommend a qualitative assessment of cardiac structures using two-dimensional ultrasound (2DUS) and color Doppler imaging. In cases of suspected abnormalities, quantitative assessments through cardiac structure measurements and reference curves can aid in accurate diagnosis. Similar to centiles widely employed in obstetrics, Z-scores provide more precise quantification of various cardiac structures, particularly at the extremes of the curve. While the development of reference curves and Z-scores has progressed over the past two decades, a lack of standardization in measurements and statistical methodology for their determination is evident. Establishing reference curves requires adherence to specific recommendations to improve their accuracy. The purpose of this study is to provide a narrative review of the major studies that have generated reference values for cardiac structures using 2DUS and Z-scores, to evaluate their methodology, and to provide a summary of the results.
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1  Introduction

Congenital heart disease (CHD) is the most common type of malformation at birth, having shown an increase in prevalence over the last few decades. Liu et al. [1] determined a prevalence of approximately 8.2 cases per 1000 births after conducting a systematic review covering more than 130 million births. CHD is still one of the main causes of perinatal morbidity and mortality. Prenatal diagnosis can improve the prognosis of CHD, enabling better birth planning in tertiary care centers including a multidisciplinary team. Unfortunately, this early diagnosis still occurs only in less than half of all cases [2].

In an attempt to improve prenatal diagnosis of CHD, several protocols have been published to guide and standardize appropriate fetal cardiac assessment [3–5]. These protocols recommend a qualitative assessment of cardiac structures using two-dimensional ultrasound (2DUS) with the aid of color Doppler. If an abnormality is suspected, quantitative assessments using measurements of cardiac structures, reference values and Z-scores can assist in the correct diagnosis.

Reference values are determined using regression analysis considering the studied cardiac structure as the dependent variable and a fetal biometric parameter or gestational age (GA) as independent variables. After finding the equation with the best correlation between these variables, reference tables and charts are created using centiles.

Z-scores are an alternative to using centiles. The Z-score is an index that represents how much a value is above or below the mean for a given population. The formula integrates the measurement, the predicted mean, and the standard deviation (SD) into a single number (Fig. 1). The Z-score has the advantage of accurate quantification, especially at the extremes of the distribution curve. It is also useful in research, as it allows more accurate comparisons between studies [6].
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Figure 1: Formula of Z-score. The predicted mean is obtained from regression analysis, as is the standard deviation (SD). *Some authors use the root mean square error (RMSE) instead of the SD

This study aimed to provide a clear and objective narrative review of the main studies that determined Z-scores of various cardiac structures assessed by 2DUS. In addition to the results, an attempt was made to evaluate the methodology of the studies, highlighting their strengths and weaknesses.

2  Calculating Reference Curves and Z-Scores

According to the precepts proposed by Royston et al. [7], some recommendations and assumptions must be followed to determine centiles and Z-scores using regression analysis. A well-designed study should be cross-sectional, with each patient being examined once, with an equal number of patients in each gestational age range, and for each gestational age interval, the population must have a normal distribution.

The most used equations are derived from linear, polynomial (quadratic or cubic), or fractional polynomial regression. When the residuals do not present a normal distribution, or heteroscedasticity is present, the dependent variables may be subjected to a transformation before analysis-usually logarithmic. The regression model must account for changes in SD as GA increases. Data must be tested for normality and homoscedasticity of residuals through statistical tests (Shapiro-Wilk, e.g.), scatterplots, or histograms (Fig. 2) [8].
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Figure 2: Graphs for qualitative assessment of data normality. (A) A scatterplot of the Z-score for gestational age against the cardiac circumference with tramlines at 1.96, 0, and –1.96. (B) Normal plot of Z-score from the fitted model for cardiac circumference. (C) The frequency of the Z-scores with an approximately normal distribution

3  Z-Score–A New Tool in Fetal Cardiac Assessment

Since 2005, several articles have been published determining the Z-scores of various cardiac parameters in different populations. Schneider et al. [6] conducted the first study to correlate Z-scores of cardiac structures with fetal biometric parameters. They evaluated 17 cardiac measurements as a function of GA, femur length (FL) and biparietal diameter (BPD), in 130 normal fetuses between 15 and 39 weeks of pregnancy. The fetal parameter that most correlated with cardiac measurements was FL, followed by BDP and GA. In this study, the best equation for this correlation was linear with logarithmic transformation (Ln). The authors considered that the use of Z-scores would provide a better assessment of the growth of structures in normal fetal hearts. This would allow for better interpretation in cases of congenital anomalies where the quantitative assessment of cardiac structures is important for diagnosing and planning treatment. The small sample size and the heterogeneous distribution of cases by gestational age interval were limitations of the study.

In 2007, aiming at specifically improve coarctation of the aorta (CoA) diagnosis, Pasquini et al. [9] created reference values with Z-scores for the aortic isthmus (AoI) and ductus arteriosus (DA) in the sagittal and three-vessel and trachea (3VT) planes, in pregnant women between 18 and 37 weeks. These values were correlated with FL and GA. After normalization of the data by logarithmic transformation, the regression equations had a coefficient of determination (R2) of 0.69 (AoI-3VT), 0.71 (DA) and 0.60 (AoI-sag) based on GA, and very close values based on FL. In addition to the measurements, a ratio between AoI and DA in the 3VT plane was calculated and found to be close to 1–0.99 (95% Confidence Interval 0.97–1.01)–regardless of the FL or GA value, with 95% of all values between 0.74 and 1.23. The authors argued that the use of this ratio could improve specificity in the diagnosis of CoA requiring postnatal surgery. The interobserver variability was tested using Bland-Altmann plots and found little variation between measurements.

A large retrospective study was carried out by Lee et al. [10] to determine cardiac Z-scores. The study involved 2735 fetuses between 17 and 41 weeks of pregnancy and evaluated cardiac measurements with the biometric parameters of FL, BPD, and GA. Simple linear regression was the best model found to relate cardiac measurements to fetal biometric variables. This study was the first to not assume a fixed SD, using regression analysis to determine its variation over GA. As a limitation of the study, the authors stated that echocardiography was not performed on newborns to prove the absence of CHD. In addition, a database was used with cases from the early 1990s, when the quality of the equipment was much lower than today; only 5 measurements were tested; no variability tests were performed; and the R2 of the equations was not reported.

The same group of researchers tried to determine the best screening parameter for hypoplastic cardiac lesions using the Z-score of the diameter of the left ventricle (LV), right ventricle (RV), aorta (Ao), pulmonary artery (PA); and the RV:LV and PA:Ao ratios [11]. A total of 90 fetuses with CHD were retrospectively studied and divided into two groups: the first with obstructive lesions on the right (n = 35) and the second with obstructive lesions on the left (n = 55). The Z-scores were compared with the Z-scores of the control group (2735 fetuses) determined in a previous study [10]. In group 1, the RV:LV ratio, RV Z-score, and PA:Ao ratio were the best parameters. In group 2, the Ao Z-score, PA:Ao ratio, and RV:LV were the best tests. The authors concluded that none of the evaluated parameters have high accuracy when analyzed alone; however, they could improve detection sensitivity when combined.

Li et al. [12] published a methodologically well-designed article constructing Z-score reference ranges of the fetal transverse heart diameter, heart length, cardiac circumference and area. They prospectively evaluated 809 Chinese pregnant women, homogeneously distributed from 11 to 40 weeks of gestation. Linear and third-degree polynomial regression were used to determine equations for mean and SD. They found high correlation coefficients between fetal heart measurements and fetal variables (BPD, FL, and GA). A group of 47 fetuses with CHD was used to validate the equations. They observed that in cases of Ebstein’s disease and fetuses with α-thalassemia, the Z-scores of the cardiac dimensions were increased. Reproducibility tests were not performed.

DeVore et al. [13] compared measurements of cardiac circumference and area obtained by using an ellipse or manual tracing in 200 fetuses between 20 and 40 weeks of pregnancy. The correlation coefficients between cardiac circumference and area and 7 independent variables ranged from 0.885 to 0.965 with no significant difference between manual tracing and ellipse. Based on these findings, the authors developed a calculator to evaluate cardiac circumference and area based on Z-scores; cardiomegaly was suspected when the Z-score was >+1.65 (which would correspond to the 95th centile).

In the same year, Krishnan et al. [14] published a study in which they determined Z-score reference values for 13 fetal cardiac structures between 12 and 39 weeks of pregnancy. They used a heterogeneous population (such as twin pregnancies, for example), retrospectively evaluating data stored in digital files. The GA showed the best correlation coefficients. The other parameters (BPD, FL, and estimated fetal weight-EFW) also showed good accuracy. Although GA ranged from 12 to 39 weeks, the distribution of cases was not uniform, with 90% of them between 18 and 34 weeks. During the regression analysis, no equations were determined for the SD; and the authors used the root mean square error (RMSE) to calculate the Z-score. Data transformation was required for most of the equations. The GA-based models had the highest R2, ranging from 0.893 (LV length) to 0.722 (right PA). As with most studies, the authors did not test the reproducibility of their measurements.

Mao et al. [15] studied the use of Z-scores for the dimensions of the left atrium (LA) and the distance between the LA and the descending Ao (DAo) in the diagnosis of fetuses with total anomalous pulmonary vein drainage (TAPVD). They evaluated 333 normal fetuses between 20 and 40 weeks of pregnancy by taking 6 measurements obtained by 2DUS-the reference values of Z-scores for these measures were determined using regression analysis. GA and biometric parameters served as independent variables. The authors subsequently validated these data in 10 fetuses diagnosed with TAPVD. The best formula for most measurements was simple linear regression, except for measuring the distance between the LA and DAo, which used quadratic regression. Eight of the 10 fetuses had a Z-score lower than –2 for the LA dimensions. All 10 fetuses had a Z-score greater than 2 for the distance between LA and DAo. These findings corroborated the use of these measurements’ Z-scores in the diagnosis of TAPVD.

A prospective study published in 2018 established reference ranges for the heart’s outflow tracts using the largest series to date. Vigneswaran et al. [16] evaluated the aortic valve (AoV), pulmonary valve (PV), distal transverse aortic arch (TAo), and DA in 7945 fetuses between 13 and 36 weeks of pregnancy. In this study, AoV and PV were measured during diastole while they were closed. All data had a normal distribution. To calculate Z-scores, the authors created regression formulas for mean and SD. Tables were created with reference values for the measurements and for TAo:DA ratio. No data on R2 or reproducibility assessment are available. As a limitation of the study, the authors reported the fact that the examined fetuses were referred for echocardiography for some reason (mostly due to increased nuchal translucency) and that the possibility that some of them could have a genetic disease cannot be ruled out.

Lussier et al. [17] established reference curves for 13 cardiac measurements and Z-scores in an Asian population. They assessed 575 Taiwanese pregnant women with GA between 14 and 38 weeks. GA, FL, BPD, abdominal circumference (AC), and head circumference (HC) were used as independent variables. The authors highlight the uniform distribution of cases across gestational age as a differential. Of the 65 equations, 63 were linear and 3 were quadratic. Data transformation was required for 10 equations. GA was the best predictor variable overall. Based on this data, centile graphs and nomograms were created for heart circumference based on the independent variables. The authors reinforce this as the first study to determine reference curves and nomograms for fetal echocardiographic parameters in a Taiwanese population. Comparing their results with other studies, they observed that the rate of growth of the structures is slower than in Caucasian populations.

Rocha et al. [18] created reference curves of percentiles and Z-scores of ventricular wall thickness and interventricular septum thickness in a Brazilian population. They assessed 873 cases with GA between 24 and 34 weeks. Only GA was used as an independent variable. Simple linear regression equations were determined. The authors found that all measurements increased slightly during pregnancy, probably due to the architectural development of myocardial structures. Table 1 provides a summary of the statistical methodology used in the cited studies.
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4  Determination of Z-Scores of Doppler Velocimetric Parameters and Cardiac Function

A group of Canadian researchers carried out a study to determine reference values for measurements obtained using Doppler and M-mode. Gagnon et al. [20] evaluated 104 fetuses from singleton pregnancies taking 57 measurements including pulsed-wave Doppler (PWD) and M-mode measurements; and the calculation of systolic, diastolic, and global functions. They tested several regression formulas with GA as the independent variable. For most measures, they observed a non-linear relationship. Parametric normalization was successful for most parameters, making it possible to create Z-score equations with minimal residuals and a normal distribution. They concluded that some parameters did not yet have published formulas and that these equations could help echocardiographers identify early potential changes in cardiac function.

Mao et al. [21] determined Z-scores and reference values of PWD indices of the heart outflow tracts (AoV and PV) in normal fetuses. They evaluated 506 fetuses between 18 and 40 weeks of pregnancy, analyzing 12 PWD parameters. GA and EFW were considered independent variables for regression analysis. A strong correlation was observed between cardiac measurements and GA and EFW. A linear-quadratic regression model showed the best results for 11 out of the 12 parameters studied. The authors concluded that these data could help in the evaluation of fetuses with growth restriction and those with outflow tract malformations, although prospective studies would be necessary to validate these data.

Several studies evaluating Z-scores of fetal cardiac structures have already been published; however, few studies have evaluated cardiac function. Rocha et al. [22] carried out the first study on Brazilian pregnant women that determined reference values for cardiac function measurements and generated Z-score equations for all parameters. A total of 612 fetuses between 24 and 34 weeks of pregnancy were prospectively and cross-sectionally evaluated. Right (RCO), left (LCO), and combined cardiac output (CCO), mitral and tricuspid flow, inferior vena cava (IVC), and pulmonary vein flow were calculated. The study showed that cardiac output increased as GA progressed, with a predominance of RCO. No statistically significant difference was observed in the analysis of mitral and tricuspid flow, nor of the IVC and pulmonary veins considering GA. The Z-scores of cardiac function parameters could help monitor fetuses exposed to possible factors that could compromise cardiac function, such as growth restriction or gestational diabetes.

Luewan et al. [23] determined reference curves, centiles, and formulas for calculating cardiac output Z-scores in 700 fetuses of Thai pregnant women between 12 and 40 weeks of pregnancy. RCO, LCO, and CCO were evaluated as a function of GA and BPD. The authors noticed an exponential increase in variables as GA advanced, especially RCO. They evaluated fetuses with Bart’s hemoglobin disease, demonstrating an increase in cardiac output in the compensatory phase of the disease. Fetuses with growth restriction and Doppler changes tended to decrease cardiac output. They emphasize that the results from this study can help detect changes in cardiac function in fetuses with cardiomyopathy, cardiac anomalies, fetal anemia, and fetal growth restriction.

A study with a large sample (n = 7885) evaluated the inflow and outflow of the ventricles using PWD [24]. Flow measurements were taken through the mitral valve (MV), tricuspid valves (TV), AoV and PV in fetuses from 13 to 36 weeks of pregnancy. The regression analysis was performed with GA as the independent variable. Formulas were developed for aortic and pulmonary artery flow velocities, E wave and A wave velocities, mitral and tricuspid E/A ratio, and fetal heart rate. An R2 < 0.10 was obtained for all formulas. The distribution of cases by GA was a limitation of the study because >90% of cases were between 19 and 24 weeks of pregnancy. Furthermore, this was a retrospective study with cases spanning over 13 years.

5  Perspectives and Recommendations

Studies have shown that different populations and ethnicities can influence fetal growth [25,26]. Therefore, fetuses with the same GA may have different sizes within the same population and between different populations. This is one of the limitations of most of the studies mentioned above, as each study evaluated specific populations. Therefore, when analyzing the reference curves determined by Z-scores, it is essential to consider ethnic differences to ensure that these parameters are accurate and relevant for each population.

Another major limitation of the studies is the lack of standardization in their methodology: sample size; range of GA included in the study and distribution of the population over this range; structures to be measured and measurement technique; determination of independent variables; methodology of regression analysis; assessment of reliability of measurements by reproducibility test.

Moon-Grady et al. [27] conducted a feasibility study that could provide elements to guide a large multicenter study to develop reference values based on Z-scores of cardiac structures. Six experienced fetal cardiologists measured 53 structures in 72 sets of images. All the professionals received specific training to take part in the study. They were all instructed on which structures should be assessed and how to measure them. Some structures could not be assessed in up to 29% of cases. In addition, the interobserver intraclass correlation coefficient (ICC) for 2D measurements showed poor correlation (ICC < 0.50), especially in more advanced GA. This study provides a real insight into the difficulties that can be encountered when developing a multicenter study.

Despite these difficulties, a large multicenter study involving different populations and following strict standardization in the acquisition and performance of measurements, combined with a well-defined methodology and statistics, could generate a large database. Derived equations and graphs could be reliably used by a larger number of professionals and researchers.

Until these studies are available, professionals should use reference values derived from their population or use existing studies after validation.

6  Conclusion

The use of the Z-score is an important tool in the accurate and objective assessment of fetal cardiac measurements, which can help in the early detection of cardiac anomalies consequently improving clinical management. As with the use of centiles to evaluate fetal growth, Z-scores will likely be increasingly used as a way of evaluating cardiac structures and function. Its systematic use can significantly contribute to improving perinatal outcomes and the quality of care provided to patients and their families. Despite the many studies already published within this field, further and new research is needed. Future studies should respect statistical precepts and standardized measurement techniques to further improve the accuracy of regression equations, especially in cases of fetuses with different demographic characteristics or in specific clinical situations.
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Table 1: Summary of studies i fetal cardiac Z-scores determined by 2DUS

Study n Country GA Cardiac structures Independent Statistical analysis
(weeks) variables
Schneider 130 Canada, 15-39 1IVC, TV, RVL, RRV, GA, FL, BPD Ln transformation
et al. 2005 [6] UK RVA, PV, MPA, RPA, Simple linear
LPA, DAA 1\1/2]’ LVL, regression (mean)
LRV, LVA, AoV,
AscAo, DAo Root MSE

Pasquini 221 UK 18-37 Aol 3VT, sagittal), DA FL, GA Ln transformation

etal. 2007 [9] Simple linear
regression
Root MSE

Lee et al. 2735 USA 17-41 AoV, PV, RRV, LRV, GA, FL, BPD No transformation

2010 [10] HC Simple linear
regression (mean)
robust regression
(SD)

Wu et al. 329 China 18-38 Aol AoV, DA; HA, FL No transformation

2014 [19] HTD, IVST, LRV, Simple linear

LVWT, PA, RRY, regression (mean
RVWT and SD)

Li et al. 809 China 11-40 HTD, HL, HC, HA GA, FL, BPD  No transformation

2015 [12] Simple, quadratic,
and cubic regression
(mean and SD)

DeVore et al. 200 USA 20-40 HA, HC (ellipse and  AC, BPD, EFW, No transformation

2016 [13] point-to-point) FL, head Fractional

circumference, polynomials (mean
GA (mean US  4p4 SD)
and LMP)

Krishnan 414 USA 12-39 AoV, PV, TV, MV, GA, FL, BPD, Ln and square root

et al. MPA, AscAo, DAo, EFW transformation

2016 [14] Aol, DA, LPA, RPA, Simple, quadratic,

LVL, RVL and cubic regression
Root MSE

Vigneswaran 7945 UK 13-36 AoV, PV, TAo, DA, GA Centered GA

et al. TAo:DA ratio (GA-20)

2018 [16] Quadratic and cubic
regression (mean
and SD)

Lussier et al. 575 Taiwan 14-38 HL, HD, HA, HC, GA, BPD, head Ln, square root,

2020 [17] RVD, LVD, RAD, circumference, inverse

LAD, AoV, PV, Aol FL, AC transformation
(3VT), DA (3VT), TC Linear and quadratic
regression
Root MSE
Rochaetal. 873 Brazil 24-34 RVWT, LVWT, IVST No transformation
2020 [18] (4C, LVOT) Linear regression

Root MSE

Note: 3VT: three-vessels and trachea view; 4C: four-chamber view; Aol: aortic isthmus; AoV: aortic valve; AscAo: ascending aorta;
BPD: biparietal diameter; DA: ductus arteriosus; DAo: descending aorta; EFW: estimated fetal weight; FL: femur length; GA:
gestational age; HA: heart area; HC: heart circumference; HL: heart length; HD: heart diameter; IVC: inferior vena cava; IVST:
interventricular septum thickness; LAD: left atrium diameter; LMP: last menstrual period; Ln: natural logarithm; LPA: left pul-
monary artery; LVA: left atrium area; LVL: left ventricle length; LVOT: left ventricle outflow tract; LVD: left ventricle diameter;
LVWT: left ventricle wall thickness; MPA: main pulmonary artery; MSE: mean squared error; MV: mitral valve; PV: pulmonary
valve; RAD: right atrium diameter; RPA: right pulmonary artery; RVA: right ventricle area; RVD: right ventricle diameter; RVL: right
ventricle length; RVWT: right ventricle wall thickness; SD: standard deviation; TAo: transverse aortic arch; TC: thorax cir-
cumference; TV: tricuspid valve.
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