Cardiovascular magnetic resonance reference ranges from the Healthy Hearts Consortium
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Abstract
Background:  The absence of population stratified cardiovascular magnetic resonance (CMR) reference ranges from large cohorts is a major shortcoming for clinical care.
Objectives: This paper provides age, sex, and ethnicity-specific CMR reference ranges for atrial and ventricular metrics from the Healthy Hearts Consortium, an international collaborative comprising 9,088 CMR studies from verified healthy individuals covering the complete adult age spectrum across both sexes and the highest ethnic diversity reported to date.
Methods: CMR studies were analyzed using certified software with batch processing capability (cvi42™, Circle Cardiovascular Imaging, version 5.14 prototype) by two expert readers. Three segmentation methods (smooth, papillary, anatomical) were used to contour the endocardial and epicardial borders of the ventricles and atria from long and short axis cine series. Clinically established ventricular and atrial metrics were extracted and stratified by age, sex, and ethnicity. Variations by segmentation method, scanner vendor, and magnet strength were examined. Reference ranges are reported as 95% prediction intervals.
Results: The sample included 4,452 (49.0%) men and 4,636 (51.0%) women with average age of 61.1 (SD 12.9, range 18-83) years-old. Among these, 7,425 (81.7%) were from White, 510 (5.6%) South Asian, 478 (5.3%) Mixed/Other, 340 (3.7%) Black, and 335 (3.7%) Chinese ethnicities. Images were acquired using 1.5 Tesla (n=8,779, 96.6%) and 3 Tesla (n=309, 3.4%) scanners from Siemens (n=8,299, 91.3%), Philips (n=498, 5.5%), and GE (n=291, 3.2%). Reference ranges are presented in downloadable tables and available via: https://www.healthy-hearts.org.uk.
Conclusions: The work represents a resource with healthy CMR-derived volumetric reference ranges ready for clinical implementation.
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Abbreviations list
CMR: Cardiovascular magnetic resonance
HHC: Healthy Hearts Consortium 
LA: Left atrium
LV: Left ventricle
RA: Right atrium
RV: Right ventricle

Introduction
Cardiovascular imaging is essential to clinical decision making in cardiology. Image-derived measures of cardiac chamber size and function are key in guiding cardiovascular risk stratification, diagnosis, and treatment decisions. Cardiovascular magnetic resonance (CMR) is the reference modality for the assessment of cardiac structure and function1. Accurate distinction of health from disease is crucial for maximizing the clinical utility of CMR.
Despite known ethnic and sex differences in healthy cardiovascular phenotypes2,3, reference ranges specific to these factors are not available in large cohorts. Existing CMR normal reference ranges are based on small, ethnically homogeneous cohorts with limited age distributions. In a recent meta-analysis4, we demonstrated large variation between published CMR healthy reference ranges, attributed to a multitude of population-related and technical factors. While some researchers have produced ranges from pooled results of existing publications5, the high between-study heterogeneity limits the reliability of reference ranges produced by meta-analysis of summary statistics from these works. There is a need for development of unified healthy reference ranges with appropriate population stratifications to guide clinical practice and to allow global comparison of CMR measures.
To address these knowledge gaps, we established the Healthy Hearts Consortium (HHC), a multicenter international collaborative comprising over 9,000 CMR studies from verified healthy cohorts contributed by six institutions. The HHC represents a unique databank of healthy CMR studies providing a complete adult age spectrum (18-83 years), ethnic diversity, and an opportunity to assess technical sources of variation in derived CMR metrics (e.g., scanner vendor, magnet strength).
This paper presents sex, age, and ethnicity specific CMR healthy reference ranges from the HHC dataset. We include a wide range of clinically established metrics extracted from the left and right ventricles (LV, RV) and the left and right atria (LA, RA). This work has important and immediate relevance to patient care across the world. The manuscript is accompanied by a linked website (https://www.healthy-hearts.org.uk) for ease of access and wide dissemination.
Methods
Healthy Hearts Consortium
The HHC is an international collaborative comprising the largest CMR image bank of healthy adult hearts in the world, including 9,088 studies contributed by six institutions (Central illustration). The dataset is unique in its size, age spectrum, and ethnic diversity. Published CMR reference range papers in adults using 1.5T or 3T scanners and balanced steady-state free precession cine sequences with long and short axis slices acquired in accordance with international guidelines were identified through a systematic literature review, which is available as a separate publication4. The review is registered online with the International Prospective Register of Systematic Reviews (PROSPERO registration number: CRD42019147161)4. Cohorts with large datasets, appropriate ethical approvals, data-sharing agreements, and linked population and technical details were invited to join. The contributing sites comprise published normal reference range cohorts from Utrecht (The Netherlands)6, Pisa (Italy)7, Heidelberg (Germany)8, Singapore9, and healthy subsets from the Study of Health in Pomerania (SHIP)10 and UK Biobank11 cohorts. Details of participant selection for these studies are summarized in Table S1. The Pisa (Italy) cohort comprises participants scanned in the Pisa center of the published multicenter healthy reference range paper by Aquaro et al.7 and further verified healthy participants selected using the same inclusion criteria and methods as the original paper and scanned in the same center in Pisa. The data available includes anonymized CMR images in DICOM (Digital Imaging and Communications in Medicine) format, demographics, body size measurements, and selected technical details. The data are centrally managed at the William Harvey Research Institute, National Institute for Health and Care Research, Barts Biomedical Research Centre, Queen Mary University of London. Further details about the HHC resource can be found at: https://www.healthy-hearts.org.uk.
The UK Biobank healthy subset
Our systematic review identified one healthy reference range paper from the UK Biobank11. Since this publication, there has been expansion and enrichment of the UK Biobank imaging cohort. Therefore, in the present analysis, we have reconfigured the UK Biobank healthy subset to address several shortcomings in the source paper. Firstly, health record linkage in the UK Biobank was not well-established at time of the original publication. As such, identification of disease status was based on UK Biobank self-report assessments, which may be subject to misclassification or recall bias. In the present analysis, we have defined healthy status by cross checking across all UK Biobank self-report assessment questions, as well as all available linked electronic health records, including Hospital Episode Statistics and primary care records. Second, the original study was limited to White ethnicities, as few participants from ethnicities other than White had completed the CMR protocol at the time. Many more UK Biobank participants have now completed CMR scanning, permitting consideration of a wider range of ethnic groups. Finally, there is increased awareness of healthy participant bias in the UK Biobank12, with participants having healthier profiles and lower levels of deprivation than national averages, which would be further augmented in a healthy subset. Drawing the boundaries between health and disease from such a “hyper-healthy” cohort has questionable utility when applied to the general population with the potential to inappropriately lower the threshold for disease. To address this issue, we recalibrated the demographic, socio-economic, lifestyle, and morbidity profile of the healthy UK Biobank subset to reflect that of the general population using data from the Health Survey for England. This resulted in a healthy UK Biobank subset (n=7,672) free from cardiovascular disease, including a range of ethnicities, and with a comparable profile to the general population. A detailed description of the approach to sample selection to create this cohort can be found in the Supplementary Methods.
Ethics statement
This study complies with the Declaration of Helsinki. Analysis of the UK Biobank was covered by ethical approval from the NHS National Research Ethics Service on 17th June 2011(Ref 11/NW/0382) and extended on 18th June 2021(Ref 21/NW/0157) with written informed consent obtained from all participants. For all other cohorts, appropriate ethical approval was verified by each contributing site. 
Image segmentation
For the image analysis, we used a specific prototype (version 5.14 prototype) of a certified software (cvi42™, Circle Cardiovascular Imaging Inc., Calgary, AB, Canada) with batch processing capability. An overview of the image analysis and quality control pipeline is presented in Figure 1. A fully automated segmentation method was utilized to draw the endo- and epicardial contours for short and long axis cine CMR images covering all four cardiac chambers (Figure 2 and Figure 3). Short axis images covering both left and right ventricle were analyzed using three pre-defined segmentation protocols selected to capture established clinical practices (Figure 4), all of which are endorsed by the Society for Cardiovascular Magnetic Resonance: 1) Smooth: Segmentation of endocardial contours, where papillary muscles and trabecular tissue are excluded from the LV mass (included in the blood pool). 2) Papillary: Smooth endocardial contours with inclusion of papillary muscles (but not trabecular tissue) in the LV mass. 3) Anatomical: Inclusion of both papillary muscles and trabecular tissue in the LV mass.
Quality control
[bookmark: _@_542220F4436F4D1892E2DF80169128E2Z]A statistical quality control approach was implemented for the UK Biobank healthy subset, using a 3-standard deviation (3SD) threshold to remove extreme biologically implausible values. Manual visual quality control was performed for all other contributing cohorts by two expert readers (LS, SEP) using a custom-built Shiny app developed in-house (Supplementary Methods). This app provides a platform for quality scoring across three domains: image acquisition, image planning, and segmentation. Each dimension is scored on a three-level score system where 1 = ‘perfect’, 2 = ‘satisfactory’, and 3 = ‘unacceptable for clinical use’. All values that received a quality score of 3, indicating poor quality, were removed from the analysis. The acceptable rate of smooth, papillary and anatomical segmentation methods was similar, the number of cases removed from analysis due to image, segmentation, or planning quality issues is shown in Figure S1. 
Calculation of CMR metrics 
The batch processing pipeline outputs measures of left and right ventricular and atrial volume and function. For calculation of LV and RV parameters, the full short-axis stack was utilized as per the segmentation protocols described above. Ventricular volumes were calculated based on the 'sum of disks' method. LA volumes were extracted from volume curves which were created using the area–length method from 4- and 2-chamber views, volume=(0.848×area4ch×area2ch)/([length2ch+length4ch]/2). RA volumes were derived from 4ch images.
Using these methods we extracted a wide range of clinically established metrics encompassing LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), LV stroke volume (LVSV), LV cardiac output (LVCO), LV ejection fraction (LVEF), LV myocardial mass in end-diastole (LVM), RV end-diastolic volume (RVEDV), RV end-systolic volume (RVESV), RV stroke volume (RVSV), RV cardiac output (RVCO), RV ejection fraction (RVEF), RV myocardial mass in end-diastole (RVM), LA end-systolic volume (LAESV), maximum LA volume (LA max), LA ejection fraction (LAEF), , RA end-systolic volume (RAESV), maximum RA volume (RA max), and RA ejection fraction (RAEF). LAEF and RAEF were computed using the minimum and maximum volume indices of the LA and RA, respectively. 
Our pipeline comprised a uniform, fully automated segmentation process without any manual adjustments. The reproducibility of the derived measures was confirmed in a subset of participants by repeatedly deriving the metrics. 
Body size adjustment
To accommodate body size adjustment methods commonly used in clinical practice, we provide all volumetric and mass measurements as indexed to both body surface area (BSA) and height. We obtained the height and weight of participants at the time of imaging to calculate the BSA, using the Mosteller formula. This formula calculates BSA by taking the square root of the product of height (in cm) and weight (in kg), divided by 3,600. To maintain consistency and emphasize the potential technical variations within the dataset, we report BSA indexed values within the main text of our manuscript. We have included both BSA and height indexed normal ranges in the supplementary material.
Population-related and technical source of variation
We considered age, sex, ethnicity, body size, and technical factors as potential sources of variation in CMR metrics. Each HHC contributor provided details of CMR scanner vendor/model and magnet strength (1.5T or 3T). Participant age was recorded at time of imaging. Ethnicity and sex were self-reported. The Utrecht, Heidelberg, and SHIP cohorts reported participants from White/Caucasian ethnic backgrounds only. The Pisa cohort included one individual from Black ethnicities, while the remainder of the cohort was of White/Caucasian ethnic backgrounds. The Singapore cohort contained only participants of “Chinese” descent. Ethnicity categories supplied by the UK Biobank are: “White”, “Black or Black British”, “Asian or Asian British”, “Chinese”, “Mixed”, and “Other”. In the UK Biobank, “Asian or Asian British” refers to Indian, Pakistani, Bangladeshi or “any other Asian” backgrounds in line with UK government definitions for ethnic groups; we labelled this cohort “South Asian”.
Statistical analysis
Statistical analysis was performed using R version 4.1.2 and RStudio version 2022.12.0+353. Descriptive statistics, including mean, standard deviation, and range, were used to summarize the dataset. All CMR variables were examined for normality using histograms and q-q plots. They were unimodal and sufficiently symmetrically distributed to be well-represented by parametric statistical methods. Variations in CMR metrics by age, sex, ethnicity, and segmentation method, magnet strength, and scanner vendor were examined. Age was categorized into groups from 18 to over 70 years old. Reference ranges are reported as 95% prediction intervals, representing the range which is likely to include the value of a single new observation given set parameters. For each CMR metric, sex, age, ethnicity, and segmentation method specific reference ranges are provided. Normal reference ranges are not reported in age groups where fewer than 10 studies were available.
Results
Population characteristics
The analysis sample and exclusions are summarized in Figure S1. The analysis sample is characterized in Table 1. The individual contributing cohorts are in Table S2. The final sample comprises 9,088 CMR scans, including 4,452 (49.0%) men and 4,636 (51.0%) women with an average age of 61.1±12.9 years old, ranging from 18 to 83 years old. The sample comprised 7,425 (81.7%) individuals from White ethnic backgrounds, with smaller contributions from South Asian (n=510, 5.6%), Mixed/Other (n=478, 5.3%), Black (n=340, 3.7%), and Chinese (n=335, 3.7%) ethnicities.
Quality control 
The quality control analysis of the CMR segmentations revealed that in approximately 1% of cases, short-axis ventricular segmentations were deemed unacceptable for clinical use, primarily due to the program segmenting transverse images instead of the short-axis slice (Figure S1). Atrial segmentation from long-axis images demonstrated a higher failure rate, with 20% of 2-chamber images and 26% of 4-chamber images considered unacceptable. Long-axis image planning prioritizes optimization for accurate ventricular volume assessment. At times, this is at the compromise of atrial chamber visualization (e.g., significant foreshortening), which makes accurate atrial assessment impossible. Thus, the higher failure rates for atrial segmentation were not unexpected and attributed to suboptimal atrial visualization on long-axis slices rather than issues with the segmentation tool itself, an issue that has been highlighted in previous work13.
Segmentation method
The smooth segmentation method produced larger LVEDVi and smaller LVMi, compared to the papillary and anatomical methods (Figure S2). The mean difference between LVEDVi derived from smooth and anatomical contours was 7.3 ml/m2 [6.9, 7.6].  The mean difference between LVMi derived from anatomical and smooth contours was 7.7 g/m2 [5.5, 7.9]. The LVEF was lowest when measured using the smooth and highest when using anatomical contours. There was minimal variation in LVSVi by segmentation method. Similarly, RVEDVi and RVEF showed little variation across segmentation methods.
Magnet strength
Most scans (n=8,779, 96.6%) were performed on 1.5T scanners. Those performed on 3T scanners include a high proportion of Chinese ethnicities (58%; 180/309). We generally observed marginally larger chamber volumes and higher LV and RV mass in the scans performed using 1.5T compared to 3T scanners (Figure S3). The LV and RA ejection fractions were higher in the 3T scans compared to 1.5T, while RV and LA ejection fractions were higher in the 1.5T scanners.
Scanner Vendor
There were minor differences in left and right ventricular volume and mass metrics across different scanner vendors. Whilst some of these variations were statistically significant, they did not represent clinically important differences (Figure S3). Left and right atrial volumes were larger in the GE scans compared to Siemens or Philips, and accordingly, the corresponding ejection fractions were smaller.
Age and sex
Across the entire age range, after indexation to BSA, compared to women, men had on average, larger LV and RV volumes, larger LV and RV stroke volumes and cardiac output, and lower LVEF (Figure 5). Increasing age was linked to smaller left and right ventricular volumes, lower LVMi, lower stroke volumes and cardiac output, and higher LV and RV ejection fractions. There were comparable age-related trajectories in men and women. There was minimal age and sex dependency of atrial metrics, as such we present the sex specific atrial normal ranges, without age stratification for both male and female participants. Compared to women, men had, on average, larger RA volumes and lower RAEF, but with a near flat age trend. There was minimal age and sex variation in LA volumes or LAEF.
Ethnicity
Overall, similar sex and age trends were observed across all ethnic groups. The greatest ethnic differences were between White and South Asians cohorts, with more subtle differences between White and Chinese and Black ethnic groups. In general, there was greater ethnic variation among women (Figure S4) than men (Figure S5).
Compared to White ethnic groups, after indexation to BSA, individuals from South Asian ethnicities had on average, smaller LV and RV volumes, lower LV and RV stroke volumes and cardiac output, and higher LVEF. Individuals from Chinese backgrounds had lower ventricular volumes than White ethnicities, but higher values than the South Asian cohort. These differences were greatest at younger, compared to older ages where all ethnicities appeared to converge. There was close alignment of LV and RV ejection fractions across all ethnic groups with a similar increasing trajectory with older age.
Regarding the LV mass index, the Black ethnic group had the highest values in both men and women. In men, there was an age-related trend of decreasing LV mass across all ethnicities with a slightly steeper trajectory in White and Black ethnicities, compared to Chinese and South Asian groups with a less rapid age-related decline in LV mass. Among women, a similar age-related decreasing trend was observed in the White ethnic group, however in women from all other ethnicities, LV mass showed a trend toward increasing values with age. There was little age-related change in RV mass among Asian and White ethnicities. Black ethnicities showed a negative trend of RV mass with increasing age, which was more marked among women than men. 
Unexpectedly, Chinese men and women had a steep positive trend of RV mass with increasing age. Exploratory analyses revealed this trend to be entirely driven by values from the Singapore cohort, with complete separation of the distribution of RVMi towards lower values in Chinese participants from Singapore compared to those from the UK Biobank (Figure S6). Given the potential for wide variations in RVM values due the outlined technical factors, we took the consensus decision to remove RVM values from reported reference ranges in the paper.
There were minimal ethnicity differences across LA and RA metrics, consistent across different age groups and across men and women.
CMR reference ranges
Simplified reference ranges for right and left ventricular metrics, derived using three segmentation methods, stratified by sex, age, and ethnicity are presented in Table 2 to Table 4. Simplified reference ranges for left and right atrial metrics in the White ethnic group stratified by age are presented Table 5.  Comprehensive reference range tables, stratified by age, sex, and ethnicity, for all three segmentation methods are provided in both height and BSA indexed formats in the Supplementary Materials (Tables S3-62) and are available from the linked website: https://www.healthy-hearts.org.uk 
Discussion
This paper presents age, sex, and ethnicity-specific ventricular and atrial reference ranges derived from 9,088 verified healthy adults segmented using three standardized segmentation protocols. The work represents a resource designed for ready implementation into clinical pathways in CMR centers worldwide and is a key step towards standardization and global cross-comparability of the technique.
The first notable observation from this work is that variation in CMR metrics in published reference range papers is substantially reduced by the implementation of uniform post-processing software and standardized image analysis protocols. While there is some variation in derived metrics due to technical variables such as scanner vendor and magnet strength, these do not result in clinically important variation among healthy adults. Thus, image analysis methodology is the most important technical factor in heterogeneity across reference ranges.
	Segmentation methods play a crucial role in the analysis of CMR data, as they directly affect the derived measurements of cardiac function. In our study, we observed that the smooth segmentation method produced larger ventricular volumes, smaller mass, and lower LVEF measurements. The highest LVEF was obtained using the anatomical segmentation method. These findings are consistent with the existing literature, confirming the impact of segmentation methods on CMR-derived measurements11,14,15.
Our study contributes to the understanding of how different segmentation methods can influence CMR measurements, thus reaffirming the need for clinicians and researchers to be aware of these differences when selecting a segmentation method for their practice. While we did not observe clinically important differences between metrics derived using the various segmentation methods in our healthy sample, this may not be the case in the presence of disease. This may be particularly pertinent for discrimination of conditions with prominent LV and papillary muscle hypertrophy, such as hypertrophic cardiomyopathy or hypertensive heart disease. Further work is required to determine the utility of metrics derived using different contouring methods for disease discrimination and for outcome prediction. Our findings demonstrate that different segmentation methods produce comparable ventricular and atrial metrics in the healthy state.
Implementing an artificial intelligence (AI) powered segmentation tool in the current analysis further enhances the reproducibility and cross-comparability of CMR metrics across different sites. By automating the segmentation process and minimizing human error, AI algorithms may contribute to the establishment of universally accepted standards for CMR segmentation, leading to greater precision in evaluations of cardiac structure and function. The HHC comprises the largest CMR image bank of healthy adults with adequate representation of men and women across the entire adult age range. We were thus able to describe, with high precision, the sex and age dependence of ventricular and atrial CMR metrics. In line with previous work, we confirmed larger ventricular chamber volumes in men compared to women, even after BSA indexation. There was a declining trend of ventricular volumes in older ages, with corresponding reduction in measures of ventricular function such as stroke volume and cardiac output. The age and sex variations of LA and RA volume and function metrics were minimal.
Both LV and RV ejection fractions increased with increasing age. The observed relationship of age with ejection fraction aligns with previous individual reference range papers, shown with greater granularity in our work. It is also in keeping with increasingly recognized limitations of LV ejection fraction as a marker of cardiovascular health16,17. These observations further corroborate reports of adverse prognostic associations of supranormal LV ejection fraction in population cohorts18. Alternative measures of LV function may better reflect myocardial contractility and overall cardiovascular health19,20. In our analysis, LV and RV stroke volume and cardiac output metrics had linear declining trends with increasing age, suggesting that these may be more accurate representations of age-related decline in ventricular function compared to ejection fraction. 
A key aim of our work was to address the limited ethnic diversity in existing CMR normal reference ranges. Collation of CMR studies across multiple cohorts permitted curation of a large set of healthy CMR studies from White, South Asian, Chinese, Black, and Mixed/Other ethnicities and calculation of age and sex-specific ranges across these ethnic groups. Among the ethnic groups considered, the greatest difference was among Asian and White ethnicities. Individuals from Asian backgrounds had smaller ventricular chamber volumes, lower stroke volume and cardiac output and lower LV ejection fraction across all age groups. We demonstrate that, overall, age and sex reference ranges for different ethnic groups are closely aligned. Thus, in the absence of ethnicity-specific reference ranges, age and sex-stratified reference ranges may be applied across different ethnicities with reasonable confidence.
We found an unexpected steep positive trend of RVMi with increasing age in Chinese individuals. Further investigation of this relationship led us to conclude that the increasing RVMi trend with older age in Chinese participants is artefactually driven by two primary factors: (1) changing case mix and (2) differences in pixel size. Firstly, the Chinese cohort in our sample is derived from two sources: the Singapore cohort9 and the UK Biobank healthy subset11, with the latter contributing to ages over 40 years old and all younger ages contributed by the former. On examination of the distribution of RVMi across these two sources, we found complete separation of distributions with the Singapore cohort having lower RVMi than those in the UK Biobank. We further identified significantly smaller interpolated pixel size in the Singapore cohort (approximately 0.9 mm x 0.9 mm) compared to the UK Biobank (approximately 1.9 mm x 1.9 mm). The segmentation algorithm used for determining RVMi relies on a mathematical method to create the segmentation for the epicardial border of the RV, rather than edge tracing. The accuracy of this method is therefore sensitive to the thinness of the RV wall relative to the pixel size. Thus, the lower RVMi in the Singapore cohort may be driven by the smaller pixel size in these studies leading to a smaller area between the RV endocardial and epicardial borders when the algorithm is applied. The increasing age trend of RVMi is an artefact reflecting the systematically lower RVMi in younger (under 40 years old) participants who are all from the Singapore set. The thin RV wall means that RVM measures are particularly susceptible to such technical artifacts, while other metrics, derived using edge tracing (e.g. LVM) are not importantly affected. Given the demonstrable susceptibility of RVM to wide variations, we elected to remove these metrics from our reported reference ranges.
Limitations
The image analysis is performed using a specific software package (cvi42™, Circle Cardiovascular Imaging, version 5.14 prototype), currently the most commonly used post-processing software in the UK and worldwide. The provided reference ranges may not apply to images analyzed using different image analysis software. There may also be some variations in the CMR measures produced across different versions of the Circle Cardiovascular imaging (cvi42™) software. Prior to implementation of the present values into clinical practice, individual centers may wish to conduct a small calibration test to better understand the magnitude of such variations. The variations by magnet strength and scanner vendor should be interpreted with caution, given the significant disparities in sample size between the 1.5T and 3T scanners and the disproportionate representation of Chinese ethnicities in the 3T scans. Through collation of scans from multiple cohorts, the HHC provides greater representation from ethnicities other than White than any individual published cohort. However, the ethnic diversity remained limited by that in the source studies, and over 80% of CMR studies in the HHC were among White ethnic groups. The differences in ethnic groups should be interpreted with caution, considering these sample size variations. There is a need for dedicated efforts to ensure a wider representation of ethnic groups in future reference range studies. 


Clinical perspectives
Competency in Medical Knowledge: CMR is the reference modality for volumetric chamber quantification, this information is critical for many diagnosis and treatment decisions in cardiology.
Translational outlook
In this paper we present CMR normal reference ranges stratified by age, sex and ethnicity using the HHC dataset, including the entire adult age spectrum, adequate representation of both sexes and the greatest ethnic diversity of any previously published resource. The images were analyzed using uniform fully automated standard operating procedures according to three segmentation protocols and the results are presented in a ready to use format for clinical practice. The findings from this paper represent an important resource which is ready for direct translation into CMR centres across the world. 
This represents an important step towards development of international CMR reference ranges. Further research is needed to understand which segmentation method offers best discrimination between health and disease and allows for more accurate risk prediction for this longitudinal analysis with adequate follow up when required. Minority ethnic groups remain underrepresented and there is need to dedicated efforts to better understand CMR phenotypes across different ethnic groups.
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[bookmark: _Toc134185023][bookmark: _Toc134185021]Figure Legends
[bookmark: _Ref155954672]Figure 1. Overview of the image analysis and quality control pipeline
Figure 1 footnote: The image illustrates an overview of the image analysis pipeline. First, imaging data in DICOM format was collected at the central graphics processing unit at the William Harvey Research Institute, Queen Mary University of London. Second, the data underwent batch processing on local processing computers, as per the predefined segmentation protocols, which generated smooth, papillary, and anatomical contours for each participant. Third, scientific reports and images were uploaded to the GPU. Imaging output was subjected to visual quality control, and CMR metrics were extracted from the scientific reports. Finally, substandard data was removed from the analysis, and only high-quality cases were included for data analysis. CMR: cardiovascular magnetic resonance; DICOM: Digital Imaging and Communications in Medicine); GPU: graphics processing unit; SHIP: Study of Health in Pomerania.
[bookmark: _Ref155954925]Figure 2. Automated contours of the left ventricle (LV) and right ventricle (RV) on short axis cine images, using the smooth segmentation method
Figure 2 footnote: A short-axis cine CMR stack showing the smooth segmentation from base to apex, Panel A represents images at end-diastole, while Panel B shows images at end-systole. The segmentations visible in both panels are derived automatically using the CVI42 tool, with no manual human input.
[bookmark: _Ref155954928]Figure 3. Automated contours of all cardiac chambers on long axis cine images
[bookmark: _Toc134185024]Figure 3 footnote: Long axis cine CMR images, showing the automated segmentation on 2CH (Panels A and D), 4CH (Panels B and E and 3CH (Panels C and F) in end-systole and end-diastole using the automated software solution.
[bookmark: _Ref155954982]Figure 4. Illustration of segmentation methods
Figure 4. footnote. Predefined segmentation methods generated smooth, papillary and anatomical contours. Mean CMR values are shown for the smooth contours, and the mean change with respect to papillary and anatomical contours to capture the change driven by the different methods. Mean values were calculated for each run, balanced with respect to all covariates (age, sex, ethnicity, scanner). LVEDVi: Left ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; LVMi: left ventricular mass index.
[bookmark: _Ref155955018]Figure 5. CMR metrics stratified by sex and age
Figure 5 footnote. Points are fitted age estimates from linear regression models relating age to CMR metric, where each metric and sex were modelled separately. The colored shaded areas indicate the 95% prediction interval for each sex. CMR: cardiovascular magnetic resonance; LVEDVi: Left ventricular end-diastolic volume index; LVESVi: Left ventricular end-systolic volume index; LVSVi: left ventricular stroke volume index; LVCO: left ventricular cardiac output; LVEF: left ventricular ejection fraction; LVMi diast: left ventricular mass in end-diastole index; RVEDVi: right ventricular end-diastolic volume index; RVESVi: right ventricular end-systolic volume index; RVSVi: right ventricular stroke volume index; RVCO: right ventricular cardiac output; RVEF: right ventricular ejection fraction; RVMi diast: right ventricular mass in end-diastole index; LA min: left atrial minimum volume; LA max; left atrial
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[bookmark: _Ref155955290]Table 1. Summary Characteristics
	Variable
	Whole sample 
(n= 9,088)
	Women
(n= 4,636, 51%)
	Men
(n= 4,452, 49%)

	Age
	
	
	

	18-29 years
	258 (2.8%)
	121 (2.6%)
	137 (3.1%)

	30-39 years
	310 (3.4%)
	157 (3.4%)
	153 (3.4%)

	40-49 years
	1,086 (11.9%)
	577 (12.4%)
	509 (11.4%)

	50-59 years
	2,491 (27.4%)
	1,316 (28.4%)
	1,175 (26.4%)

	60-69 years
	2,322 (25.6%)
	1,231 (26.6%)
	1,091 (24.5%)

	70 or more
	2,621 (28.8%)
	1,234 (26.6%)
	1,387 (31.2%)

	Ethnicity
	
	
	

	White
	7,424 (81.7%)
	3,761 (81.1%)
	3,663 (82.3%)

	South Asian
	510 (5.6%)
	190 (4.1%)
	320 (7.2%)

	Black
	341 (3.7%)
	192 (4.1%)
	149 (3.3%)

	Chinese
	335 (3.7%)
	188 (4.1%)
	147 (3.3%)

	Mixed/Other
	478 (5.3%)
	305 (6.6%)
	173 (3.9%)

	Cohort
	
	
	

	UK Biobank
	7,672 (84.4%)
	3,921 (84.6%)
	3,751 (84.3%)

	SHIP
	627 (6.9%)
	330 (7.1%)
	297 (6.7%)

	Pisa
	291 (3.2%)
	147 (3.2%)
	144 (3.2%)

	Heidelberg
	190 (2.1%)
	85 (1.8%)
	105 (2.4%)

	Singapore
	180 (2.0%)
	89 (1.9%)
	91 (2.0%)

	Utrecht
	128 (1.4%)
	64 (1.4%)
	64 (1.4%)

	Scanner vendor
	
	
	

	Siemens
	8,299 (91.3%)
	4,251 (91.7%)
	4,048 (90.9%)

	Philips
	498 (5.5%)
	238 (5.1%)
	260 (5.8%)

	General Electric
	291 (3.2%)
	147 (3.2%)
	144 (3.2%)

	Magnet strength
	
	
	

	1.5 Tesla
	8,779 (96.6%)
	4,482 (96.7%)
	4,297 (96.5%)

	3 Tesla
	309 (3.4%)
	154 (3.3%)
	155 (3.5%)



Table 1 footnote. SHIP: Study of Health in Pomerania

[bookmark: _Ref155955383]Table 2. Left and right ventricular parameters for all ethnicities by age group, papillary muscles and trabeculae excluded from the LV mass (smooth segmentation), indexed by body surface
	White ethnicity

	Variable
	18-29
	30-39
	40-49
	50-59
	60-69
	70+

	N (min-max)
	 (50-102)
	(52-113)
	(84-137)
	(67-135)
	(458-518)
	(378-447)
	(858-926)
	(784-839)
	(875-929)
	(771-817)
	(1,033-1,116)
	(1,212-1,283)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	81 [60, 102]
	92 [65, 119]
	78 [57, 99]
	89 [61, 116]
	75 [54, 96]
	85 [58, 112]
	72 [51, 93]
	82 [54, 109]
	69 [48, 90]
	78 [51, 106]
	66 [46, 87]
	75 [48, 102]

	LVESVi; ml/m2
	32 [20, 44]
	38 [22, 54]
	31 [19, 42]
	36 [21, 52]
	29 [17, 41]
	35 [19, 50]
	27 [15, 39]
	33 [18, 49]
	26 [14, 38]
	32 [16, 47]
	24 [12, 36]
	30 [14, 46]

	LVSVi; ml/m2
	49 [34, 64]
	54 [36, 72]
	48 [33, 62]
	52 [34, 70]
	46 [32, 61]
	50 [32, 68]
	45 [30, 59]
	48 [31, 66]
	43 [29, 58]
	47 [29, 64]
	42 [27, 57]
	45 [27, 63]

	LVEF; %
	60 [49, 72]
	59 [46, 71]
	61 [49, 72]
	59 [46, 71]
	62 [50, 73]
	59 [47, 72]
	62 [51, 74]
	59 [47, 72]
	63 [51, 74]
	60 [47, 72]
	64 [52, 75]
	60 [48, 73]

	LVMi; g/m2
	42 [32, 52]
	55 [42, 69]
	42 [32, 52]
	54 [41, 68]
	42 [32, 51]
	53 [40, 67]
	41 [31, 51]
	53 [39, 66]
	41 [31, 51]
	52 [38, 65]
	41 [31, 50]
	51 [37, 64]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	82 [60, 104]
	99 [70, 128]
	79 [57, 102]
	95 [66, 124]
	76 [54, 99]
	91 [62, 120]
	74 [51, 96]
	87 [58, 116]
	71 [48, 93]
	83 [54, 112]
	68 [46, 91]
	79 [50, 108]

	RVESVi; ml/m2
	33 [21, 46]
	43 [26, 60]
	32 [19, 44]
	41 [24, 58]
	30 [17, 43]
	39 [22, 56]
	28 [15, 41]
	37 [20, 53]
	26 [14, 39]
	34 [17, 51]
	25 [12, 37]
	32 [15, 49]

	RVSVi; ml/m2
	49 [33, 65]
	56 [36, 76]
	48 [32, 64]
	54 [34, 74]
	47 [31, 63]
	52 [32, 72]
	46 [30, 62]
	51 [31, 71]
	45 [29, 61]
	49 [29, 69]
	44 [28, 60]
	47 [27, 67]

	RVEF; %
	59 [47, 71]
	56 [43, 69]
	60 [48, 72]
	57 [44, 70]
	61 [49, 73]
	58 [45, 71]
	62 [50, 74]
	58 [45, 71]
	63 [51, 75]
	59 [46, 72]
	64 [52, 76]
	59 [46, 72]

	Black ethnicity

	Variable
	18-29
	30-39
	40-49
	50-59
	60-69
	70+

	N (min-max)
	
	
	
	
	(10)
	
	(93-96)
	(72-78)
	(62-67)
	(46-48)
	(16-18)
	(13-14)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	76 [55, 96]
	
	72 [52, 93]
	81 [53, 108]
	69 [49, 89]
	78 [50, 105]
	66 [45, 86]
	75 [47, 103]

	LVESVi; ml/m2
	
	
	
	
	30 [18, 42]
	
	28 [17, 40]
	33 [16, 50]
	27 [15, 38]
	31 [14, 48]
	25 [13, 37]
	30 [13, 47]

	LVSVi; ml/m2
	
	
	
	
	45 [31, 60]
	
	44 [29, 58]
	47 [31, 63]
	42 [28, 56]
	46 [29, 62]
	40 [26, 55]
	44 [28, 61]

	LVEF; %
	
	
	
	
	60 [48, 72]
	
	61 [49, 72]
	59 [46, 72]
	61 [50, 73]
	60 [47, 73]
	62 [50, 74]
	60 [47, 73]

	LVMi; g/m2
	
	
	
	
	43 [31, 54]
	
	44 [32, 55]
	54 [39, 69]
	44 [33, 56]
	53 [38, 68]
	45 [34, 57]
	52 [37, 67]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	77 [54, 101]
	
	75 [52, 98]
	85 [58, 111]
	73 [49, 96]
	83 [57, 109]
	70 [47, 94]
	81 [54, 108]

	RVESVi; ml/m2
	
	
	
	
	30 [17, 44]
	
	29 [16, 42]
	36 [21, 51]
	28 [15, 41]
	34 [19, 49]
	27 [14, 40]
	32 [17, 47]

	RVSVi; ml/m2
	
	
	
	
	47 [32, 62]
	
	46 [31, 61]
	49 [31, 68]
	45 [30, 60]
	49 [31, 67]
	44 [28, 59]
	49 [30, 67]

	RVEF; %
	
	
	
	
	61 [49, 73]
	
	61 [50, 73]
	58 [46, 69]
	62 [50, 73]
	59 [48, 71]
	62 [50, 74]
	61 [49, 73]

	South Asian ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	
	
	
	
	(10)
	(19-21)
	(81-84)
	(131-134)
	(61-64)
	(117-122)
	(28-31)
	(40-43)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	67 [50, 84]
	75 [52, 97]
	65 [48, 82]
	72 [50, 95]
	63 [46, 80]
	70 [48, 92]
	61 [44, 78]
	68 [46, 90]

	LVESVi; ml/m2
	
	
	
	
	25 [15, 34]
	30 [17, 42]
	24 [14, 33]
	28 [16, 41]
	22 [13, 32]
	27 [14, 39]
	21 [12, 31]
	25 [13, 38]

	LVSVi; ml/m2
	
	
	
	
	42 [30, 55]
	45 [30, 60]
	41 [29, 54]
	44 [29, 59]
	40 [28, 53]
	43 [28, 58]
	40 [27, 52]
	42 [27, 57]

	LVEF; %
	
	
	
	
	63 [52, 74]
	60 [49, 71]
	64 [53, 75]
	61 [50, 72]
	64 [53, 76]
	62 [51, 73]
	65 [54, 76]
	62 [51, 74]

	LVMi; g/m2
	
	
	
	
	37 [28, 47]
	47 [34, 60]
	38 [29, 47]
	46 [34, 59]
	38 [29, 47]
	46 [33, 59]
	38 [29, 48]
	45 [33, 58]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	65 [45, 84]
	78 [54, 102]
	65 [46, 85]
	76 [53, 100]
	65 [46, 85]
	74 [51, 98]
	66 [46, 85]
	72 [49, 96]

	RVESVi; ml/m2
	
	
	
	
	24 [14, 35]
	33 [20, 46]
	24 [14, 34]
	31 [18, 45]
	24 [14, 34]
	30 [17, 43]
	23 [13, 33]
	29 [16, 42]

	RVSVi; ml/m2
	
	
	
	
	40 [27, 53]
	45 [30, 61]
	41 [28, 54]
	45 [29, 60]
	42 [28, 55]
	44 [29, 60]
	42 [29, 55]
	44 [28, 59]

	RVEF; %
	
	
	
	
	62 [52, 72]
	58 [47, 69]
	63 [53, 73]
	59 [48, 70]
	64 [53, 74]
	59 [49, 70]
	64 [54, 74]
	60 [49, 71]

	Chinese ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	(13-16)
	(16-19)
	(18)
	(14-17)
	(10-24)
	(10-20)
	(46-66)
	(24-49)
	(35-52)
	(21-37)
	(11-12)
	

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	76 [59, 94]
	84 [63, 105]
	74 [56, 91]
	81 [60, 102]
	72 [54, 89]
	78 [57, 99]
	69 [52, 87]
	75 [54, 96]
	67 [49, 84]
	72 [51, 93]
	65 [47, 82]
	

	LVESVi; ml/m2
	29 [18, 39]
	35 [22, 48]
	27 [17, 38]
	33 [20, 46]
	26 [15, 36]
	31 [19, 44]
	24 [14, 35]
	30 [17, 43]
	23 [13, 34]
	28 [15, 41]
	22 [11, 32]
	

	LVSVi; ml/m2
	48 [34, 62]
	49 [36, 63]
	47 [33, 61]
	48 [34, 61]
	46 [32, 60]
	47 [33, 60]
	45 [31, 59]
	45 [32, 59]
	44 [30, 58]
	44 [30, 57]
	43 [29, 57]
	

	LVEF; %
	62 [52, 73]
	59 [45, 72]
	63 [52, 74]
	59 [46, 73]
	64 [53, 75]
	60 [47, 73]
	65 [54, 76]
	60 [47, 74]
	66 [55, 77]
	61 [48, 74]
	66 [56, 77]
	

	LVMi; g/m2
	37 [28, 47]
	50 [38, 62]
	38 [29, 47]
	50 [38, 61]
	39 [30, 48]
	49 [37, 61]
	40 [31, 49]
	49 [37, 60]
	41 [32, 50]
	48 [36, 60]
	42 [32, 51]
	

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	79 [58, 100]
	93 [68, 118]
	76 [55, 97]
	89 [64, 114]
	73 [52, 94]
	85 [60, 110]
	70 [49, 91]
	81 [57, 106]
	68 [47, 89]
	78 [53, 102]
	65 [44, 86]
	

	RVESVi; ml/m2
	33 [20, 46]
	43 [27, 60]
	31 [18, 43]
	41 [24, 57]
	29 [16, 41]
	38 [22, 55]
	26 [14, 39]
	35 [19, 52]
	24 [12, 37]
	33 [16, 49]
	22 [10, 35]
	

	RVSVi; ml/m2
	46 [32, 60]
	49 [33, 66]
	45 [31, 59]
	48 [32, 64]
	45 [31, 59]
	47 [31, 63]
	44 [30, 58]
	46 [30, 62]
	43 [29, 57]
	45 [29, 61]
	43 [29, 57]
	

	RVEF; %
	58 [47, 70]
	53 [39, 67]
	60 [48, 71]
	54 [41, 68]
	61 [50, 72]
	56 [42, 69]
	63 [51, 74]
	57 [43, 71]
	64 [53, 75]
	58 [44, 72]
	66 [54, 77]
	

	Mixed/Other ethnicity

	Variable
	18-29
	30-39
	40-49
	50-59
	60-69
	70+

	N (min-max)
	
	
	
	
	
	
	(133-137)
	(65-68)
	(107-111)
	(59-62)
	(47-51)
	(32-36)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	
	
	71 [51, 92]
	82 [58, 107]
	68 [47, 89]
	76 [52, 100]
	65 [44, 85]
	70 [45, 94]

	LVESVi; ml/m2
	
	
	
	
	
	
	26 [15, 37]
	33 [18, 47]
	25 [14, 36]
	30 [16, 45]
	24 [13, 35]
	28 [14, 43]

	LVSVi; ml/m2
	
	
	
	
	
	
	45 [31, 60]
	50 [34, 65]
	43 [29, 58]
	46 [30, 62]
	41 [26, 56]
	43 [27, 59]

	LVEF; %
	
	
	
	
	
	
	63 [53, 74]
	61 [49, 72]
	63 [52, 74]
	61 [49, 72]
	63 [52, 74]
	60 [49, 72]

	LVMi; g/m2
	
	
	
	
	
	
	41 [29, 52]
	52 [38, 67]
	40 [29, 52]
	51 [37, 65]
	40 [29, 52]
	50 [35, 64]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	
	
	73 [51, 96]
	88 [59, 117]
	70 [48, 93]
	82 [53, 111]
	67 [45, 90]
	76 [47, 105]

	RVESVi; ml/m2
	
	
	
	
	
	
	28 [16, 39]
	36 [21, 50]
	26 [15, 37]
	34 [19, 49]
	25 [13, 36]
	32 [17, 47]

	RVSVi; ml/m2
	
	
	
	
	
	
	46 [30, 61]
	52 [33, 71]
	44 [29, 59]
	49 [30, 67]
	42 [27, 58]
	45 [26, 64]

	RVEF; %
	
	
	
	
	
	
	63 [53, 72]
	60 [50, 69]
	63 [53, 72]
	59 [49, 69]
	63 [53, 73]
	58 [48, 68]


Table 2 footnote. Abbreviations: LVEDVi - Left ventricular end-diastolic volume index, LVESVi - Left ventricular end-systolic volume index, LVSVi - Left ventricular stroke volume index, LVEF - Left ventricular ejection fraction, LVMi - Left ventricular mass index (in diastole), RVEDVi - Right ventricular end-diastolic volume index, RVESVi - Right ventricular end-systolic volume index, RVSVi - Right ventricular stroke volume index, RVEF - Right ventricular ejection fraction.









Table 3. Left and right ventricular parameters for all ethnicities by age group,
using papillary segmentation, indexed by body surface area
	White ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	(50 - 102)
	(52 - 113)
	(84 - 137)
	(67 - 135)
	(458 - 518)
	(378 - 447)
	(858 - 926)
	(784 - 839)
	(875 - 930)
	(771 - 818)
	(1,033 - 1,116)
	(1,212 - 1,283)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	79 [59, 100]
	92 [65, 119]
	76 [56, 97]
	86 [59, 113]
	74 [53, 94]
	83 [56, 110]
	71 [50, 91]
	80 [53, 106]
	68 [47, 88]
	76 [50, 103]
	65 [45, 85]
	73 [46, 100]

	LVESVi; ml/m2
	30 [19, 41]
	38 [22, 54]
	28 [17, 40]
	34 [19, 48]
	27 [16, 38]
	32 [17, 47]
	25 [14, 37]
	31 [16, 45]
	24 [13, 35]
	29 [14, 44]
	22 [11, 34]
	28 [13, 42]

	LVSVi; ml/m2
	49 [35, 64]
	54 [36, 72]
	48 [33, 63]
	53 [35, 70]
	47 [32, 61]
	51 [33, 69]
	45 [31, 60]
	49 [31, 67]
	44 [29, 59]
	47 [29, 65]
	43 [28, 57]
	45 [27, 63]

	LVEF; %
	62 [51, 73]
	59 [46, 71]
	63 [51, 74]
	61 [49, 73]
	63 [52, 75]
	61 [49, 73]
	64 [53, 75]
	62 [49, 74]
	65 [54, 76]
	62 [50, 74]
	66 [54, 77]
	62 [50, 75]

	LVMi; g/m2
	44 [34, 55]
	55 [42, 69]
	44 [33, 54]
	57 [42, 72]
	43 [33, 54]
	56 [41, 71]
	43 [32, 53]
	55 [40, 69]
	42 [32, 53]
	54 [39, 68]
	42 [32, 52]
	52 [38, 67]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	80 [58, 103]
	97 [68, 125]
	78 [56, 100]
	93 [65, 122]
	75 [53, 97]
	89 [61, 118]
	73 [51, 95]
	86 [57, 114]
	70 [48, 92]
	82 [54, 111]
	68 [45, 90]
	78 [50, 107]

	RVESVi; ml/m2
	32 [20, 45]
	41 [25, 58]
	31 [18, 43]
	39 [23, 56]
	29 [17, 42]
	38 [21, 54]
	28 [15, 40]
	36 [19, 52]
	26 [14, 38]
	34 [17, 50]
	25 [12, 37]
	32 [15, 48]

	RVSVi; ml/m2
	48 [32, 64]
	56 [36, 75]
	47 [31, 63]
	54 [34, 74]
	46 [30, 62]
	52 [32, 72]
	45 [29, 61]
	50 [30, 70]
	44 [28, 60]
	48 [29, 68]
	43 [27, 59]
	47 [27, 66]

	RVEF; %
	60 [48, 72]
	57 [44, 70]
	61 [49, 73]
	58 [45, 71]
	61 [49, 73]
	58 [45, 71]
	62 [50, 74]
	59 [45, 72]
	63 [51, 75]
	59 [46, 72]
	64 [52, 76]
	59 [46, 72]

	Black ethnicity

	Variable
	18-29
	30-39
	40-49
	50-59
	60-69
	70+

	N (min-max)
	
	
	
	
	(10)
	
	(93-96)
	(72-78)
	(62-67)
	(46-48)
	(16-18)
	(13-14)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	74 [54, 94]
	
	71 [51, 91]
	79 [52, 106]
	67 [47, 87]
	76 [49, 103]
	64 [44, 84]
	73 [45, 100]

	LVESVi; ml/m2
	
	
	
	
	29 [17, 40]
	
	26 [15, 38]
	30 [14, 45]
	24 [13, 36]
	29 [13, 44]
	22 [11, 34]
	27 [12, 43]

	LVSVi; ml/m2
	
	
	
	
	46 [31, 60]
	
	44 [30, 59]
	48 [31, 64]
	43 [28, 57]
	46 [30, 63]
	41 [27, 56]
	45 [28, 62]

	LVEF; %
	
	
	
	
	62 [50, 73]
	
	63 [51, 74]
	61 [48, 74]
	64 [52, 75]
	62 [49, 75]
	65 [53, 76]
	63 [50, 76]

	LVMi; g/m2
	
	
	
	
	44 [32, 57]
	
	45 [33, 57]
	56 [41, 71]
	46 [34, 58]
	55 [39, 70]
	47 [35, 59]
	53 [38, 69]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	76 [53, 100]
	
	74 [51, 97]
	84 [58, 110]
	72 [49, 95]
	82 [56, 108]
	70 [46, 93]
	80 [54, 106]

	RVESVi; ml/m2
	
	
	
	
	30 [17, 43]
	
	29 [16, 42]
	35 [20, 50]
	28 [15, 41]
	33 [18, 48]
	26 [13, 40]
	31 [16, 46]

	RVSVi; ml/m2
	
	
	
	
	46 [31, 61]
	
	45 [30, 60]
	49 [31, 67]
	44 [29, 59]
	49 [31, 67]
	43 [28, 58]
	48 [30, 67]

	RVEF; %
	
	
	
	
	61 [50, 72]
	
	61 [50, 73]
	58 [46, 70]
	62 [51, 73]
	60 [48, 71]
	62 [51, 73]
	61 [49, 73]

	South Asian ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	
	
	
	
	(10)
	(19-21)
	(81-84)
	(131-134)
	(61-64)
	(117-122)
	(28-31)
	(40-43)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	66 [49, 83]
	73 [51, 95]
	64 [47, 80]
	71 [49, 93]
	62 [45, 78]
	69 [47, 90]
	60 [43, 76]
	66 [45, 88]

	LVESVi; ml/m2
	
	
	
	
	23 [14, 32]
	28 [16, 40]
	22 [13, 31]
	26 [15, 38]
	21 [12, 30]
	25 [13, 37]
	20 [10, 29]
	23 [12, 35]

	LVSVi; ml/m2
	
	
	
	
	42 [30, 55]
	45 [30, 60]
	42 [29, 54]
	44 [30, 59]
	41 [28, 54]
	43 [29, 58]
	40 [28, 53]
	43 [28, 57]

	LVEF; %
	
	
	
	
	64 [53, 75]
	62 [51, 73]
	65 [54, 76]
	63 [52, 74]
	66 [55, 78]
	64 [52, 75]
	68 [56, 79]
	64 [53, 76]

	LVMi; g/m2
	
	
	
	
	39 [29, 48]
	49 [35, 62]
	39 [29, 48]
	48 [35, 62]
	39 [30, 49]
	47 [34, 61]
	39 [30, 49]
	47 [33, 61]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	64 [45, 84]
	77 [54, 101]
	65 [45, 84]
	75 [52, 99]
	65 [46, 84]
	73 [50, 97]
	65 [46, 84]
	71 [48, 95]

	RVESVi; ml/m2
	
	
	
	
	24 [14, 34]
	33 [20, 46]
	24 [14, 34]
	31 [18, 44]
	24 [14, 33]
	30 [17, 43]
	23 [13, 33]
	28 [15, 41]

	RVSVi; ml/m2
	
	
	
	
	40 [27, 53]
	45 [29, 60]
	41 [28, 54]
	44 [29, 60]
	41 [28, 54]
	44 [28, 59]
	42 [29, 55]
	43 [28, 59]

	RVEF; %
	
	
	
	
	62 [52, 73]
	59 [48, 69]
	63 [53, 73]
	59 [48, 70]
	64 [53, 74]
	60 [49, 70]
	64 [54, 74]
	60 [49, 71]

	Chinese ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	(13-16)
	(16-19)
	(18)
	(14-17)
	(10-24)
	(10-20)
	(46-66)
	(28-49)
	(35-52)
	(21-37)
	(11-12)
	

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	75 [57, 92]
	82 [61, 102]
	73 [55, 90]
	79 [58, 99]
	70 [53, 87]
	76 [56, 97]
	68 [51, 85]
	73 [53, 94]
	66 [49, 83]
	71 [50, 91]
	63 [46, 81]
	

	LVESVi; ml/m2
	26 [16, 37]
	31 [19, 44]
	25 [15, 35]
	30 [18, 42]
	24 [14, 34]
	29 [16, 41]
	23 [12, 33]
	27 [15, 40]
	21 [11, 31]
	26 [14, 39]
	20 [10, 30]
	

	LVSVi; ml/m2
	49 [35, 63]
	50 [37, 64]
	48 [34, 61]
	49 [35, 62]
	47 [33, 60]
	47 [34, 61]
	46 [32, 59]
	46 [33, 59]
	45 [31, 58]
	44 [31, 58]
	44 [30, 57]
	

	LVEF; %
	65 [54, 76]
	62 [49, 74]
	66 [55, 77]
	62 [49, 75]
	66 [55, 77]
	62 [50, 75]
	67 [56, 78]
	63 [50, 76]
	68 [57, 79]
	63 [50, 76]
	69 [58, 80]
	

	LVMi; g/m2
	39 [29, 48]
	52 [40, 65]
	40 [30, 49]
	52 [39, 64]
	40 [31, 50]
	51 [39, 63]
	41 [32, 51]
	50 [38, 63]
	42 [32, 52]
	50 [37, 62]
	43 [33, 53]
	

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	74 [53, 94]
	83 [58, 108]
	72 [51, 92]
	81 [56, 106]
	70 [50, 90]
	79 [55, 104]
	68 [48, 88]
	77 [53, 102]
	66 [46, 87]
	76 [51, 100]
	65 [44, 85]
	

	RVESVi; ml/m2
	28 [16, 40]
	34 [20, 49]
	27 [15, 39]
	33 [19, 48]
	26 [14, 38]
	33 [19, 47]
	25 [13, 37]
	32 [18, 46]
	24 [12, 36]
	32 [17, 46]
	23 [11, 35]
	

	RVSVi; ml/m2
	45 [31, 59]
	49 [32, 66]
	45 [31, 58]
	48 [31, 64]
	44 [30, 58]
	46 [30, 63]
	43 [29, 57]
	45 [29, 62]
	43 [29, 57]
	44 [27, 61]
	42 [28, 56]
	

	RVEF; %
	62 [50, 73]
	59 [46, 72]
	62 [51, 74]
	59 [46, 72]
	63 [52, 74]
	59 [46, 72]
	64 [52, 75]
	59 [45, 72]
	64 [53, 76]
	59 [45, 72]
	65 [54, 77]
	

	Mixed/Other ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	
	
	
	
	
	
	(133-137)
	(65-68)
	(107-111)
	(58-62)
	(47-51)
	(32-36)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	
	
	70 [50, 90]
	81 [57, 104]
	67 [47, 87]
	74 [51, 98]
	64 [43, 84]
	68 [44, 92]

	LVESVi; ml/m2
	
	
	
	
	
	
	24 [14, 35]
	30 [17, 44]
	23 [12, 34]
	28 [14, 42]
	22 [11, 33]
	26 [12, 40]

	LVSVi; ml/m2
	
	
	
	
	
	
	46 [31, 60]
	50 [34, 66]
	44 [29, 58]
	47 [31, 63]
	41 [27, 56]
	43 [27, 59]

	LVEF; %
	
	
	
	
	
	
	65 [54, 76]
	63 [51, 74]
	65 [54, 76]
	63 [51, 74]
	65 [55, 76]
	63 [51, 74]

	LVMi; g/m2
	
	
	
	
	
	
	42 [30, 54]
	54 [39, 69]
	42 [30, 54]
	53 [38, 68]
	42 [30, 53]
	51 [36, 67]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	
	
	73 [50, 95]
	87 [58, 116]
	70 [47, 92]
	81 [52, 110]
	66 [44, 89]
	75 [46, 104]

	RVESVi; ml/m2
	
	
	
	
	
	
	27 [16, 38]
	35 [21, 50]
	26 [15, 37]
	33 [19, 48]
	24 [13, 36]
	32 [17, 46]

	RVSVi; ml/m2
	
	
	
	
	
	
	45 [30, 60]
	52 [33, 70]
	44 [28, 59]
	48 [30, 66]
	42 [27, 57]
	45 [26, 63]

	RVEF; %
	
	
	
	
	
	
	63 [53, 72]
	60 [50, 70]
	63 [53, 73]
	59 [49, 69]
	63 [53, 73]
	58 [48, 68]


Table 3 footnote. Abbreviations: LVEDVi - Left ventricular end-diastolic volume index, LVESVi - Left ventricular end-systolic volume index, LVSVi - Left ventricular stroke volume index, LVEF - Left ventricular ejection fraction, LVMi - Left ventricular mass index (in diastole), RVEDVi - Right ventricular end-diastolic volume index, RVESVi - Right ventricular end-systolic volume index, RVSVi - Right ventricular stroke volume index, RVEF - Right ventricular ejection fraction.











[bookmark: _Ref155955386]Table 4. Left and right ventricular parameters for all ethnicities by age group, using anatomical segmentation, indexed by body surface area
	White ethnicity
	
	
	
	
	
	

	Variable
	18-29
	30-39
	40-49
	50-59
	60-69
	70+

	N (min-max)
	(50-102)
	(52-113)
	(84-137)
	(67-135)
	(458-518)
	(378-447)
	(858-926)
	(784-840)
	(875-929)
	(771-818)
	(1,033-1,118)
	(1,212-1,283)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	74 [55, 94]
	83 [58, 109]
	71 [52, 91]
	80 [55, 106]
	68 [49, 88]
	77 [51, 102]
	66 [46, 85]
	73 [48, 99]
	63 [43, 82]
	70 [45, 96]
	60 [40, 79]
	67 [41, 92]

	LVESVi; ml/m2
	26 [16, 36]
	30 [17, 44]
	24 [14, 35]
	29 [15, 42]
	23 [13, 33]
	27 [13, 40]
	21 [11, 31]
	25 [12, 39]
	19 [9, 30]
	24 [10, 37]
	18 [8, 28]
	22 [9, 35]

	LVSVi; ml/m2
	48 [34, 62]
	53 [36, 71]
	47 [33, 61]
	52 [34, 69]
	46 [32, 60]
	50 [32, 67]
	44 [30, 58]
	48 [31, 66]
	43 [29, 57]
	46 [29, 64]
	42 [28, 56]
	45 [27, 62]

	LVEF; %
	65 [54, 76]
	64 [51, 76]
	66 [55, 77]
	64 [52, 77]
	67 [56, 78]
	65 [53, 77]
	68 [57, 79]
	66 [53, 78]
	69 [58, 80]
	66 [54, 79]
	70 [59, 81]
	67 [55, 80]

	LVMi; g/m2
	49 [38, 61]
	65 [48, 81]
	49 [37, 61]
	63 [47, 80]
	49 [37, 60]
	62 [46, 79]
	48 [37, 60]
	61 [45, 78]
	48 [36, 60]
	60 [44, 77]
	48 [36, 59]
	59 [43, 76]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	80 [58, 102]
	96 [68, 125]
	78 [56, 100]
	93 [64, 121]
	75 [53, 97]
	89 [61, 118]
	73 [51, 95]
	86 [57, 114]
	70 [48, 93]
	82 [54, 111]
	68 [46, 90]
	79 [50, 107]

	RVESVi; ml/m2
	32 [20, 45]
	41 [24, 58]
	31 [18, 44]
	40 [23, 56]
	30 [17, 42]
	38 [21, 55]
	28 [16, 41]
	36 [20, 53]
	27 [14, 40]
	35 [18, 52]
	26 [13, 38]
	33 [16, 50]

	RVSVi; ml/m2
	48 [32, 63]
	55 [36, 74]
	47 [31, 62]
	53 [34, 73]
	46 [30, 61]
	51 [32, 71]
	45 [29, 60]
	49 [30, 69]
	43 [28, 59]
	48 [28, 67]
	42 [27, 58]
	46 [26, 65]

	RVEF; %
	60 [48, 72]
	57 [44, 70]
	60 [48, 72]
	57 [44, 70]
	61 [49, 73]
	58 [44, 71]
	61 [49, 73]
	58 [45, 71]
	62 [50, 74]
	58 [45, 71]
	62 [50, 74]
	58 [45, 71]

	Black ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	
	
	
	
	(10)
	
	(93-96)
	(72-78)
	(62-67)
	(46-48)
	(16-18)
	(13-14)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	69 [50, 88]
	
	66 [47, 84]
	73 [47, 98]
	62 [43, 81]
	70 [44, 95]
	59 [40, 78]
	67 [41, 93]

	LVESVi; ml/m2
	
	
	
	
	24 [13, 34]
	
	22 [11, 32]
	24 [11, 38]
	19 [9, 30]
	23 [9, 37]
	17 [7, 27]
	22 [8, 36]

	LVSVi; ml/m2
	
	
	
	
	45 [31, 59]
	
	44 [30, 57]
	47 [31, 63]
	42 [29, 56]
	46 [30, 62]
	41 [27, 55]
	45 [29, 61]

	LVEF; %
	
	
	
	
	66 [54, 77]
	
	67 [55, 79]
	66 [53, 79]
	69 [57, 80]
	67 [54, 80]
	70 [58, 82]
	68 [55, 81]

	LVMi; g/m2
	
	
	
	
	50 [36, 64]
	
	51 [37, 65]
	63 [45, 80]
	52 [38, 66]
	62 [44, 79]
	53 [39, 67]
	61 [43, 78]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	78 [54, 102]
	
	75 [52, 99]
	84 [59, 109]
	72 [49, 96]
	82 [58, 107]
	70 [46, 94]
	81 [56, 106]

	RVESVi; ml/m2
	
	
	
	
	32 [18, 46]
	
	31 [16, 45]
	37 [21, 52]
	29 [15, 43]
	35 [20, 51]
	28 [14, 42]
	34 [18, 49]

	RVSVi; ml/m2
	
	
	
	
	46 [31, 61]
	
	45 [30, 60]
	47 [31, 64]
	44 [29, 58]
	47 [31, 63]
	42 [27, 57]
	47 [30, 63]

	RVEF; %
	
	
	
	
	59 [47, 71]
	
	60 [48, 72]
	56 [44, 68]
	60 [48, 72]
	57 [46, 69]
	60 [48, 72]
	59 [47, 71]

	South Asian ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	
	
	
	
	(10)
	(19-21)
	(81-84)
	(131-134)
	(61-64)
	(117-122)
	(28-31)
	(40-43)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	61 [45, 77]
	67 [47, 87]
	59 [43, 75]
	65 [45, 85]
	57 [41, 73]
	63 [43, 83]
	55 [39, 71]
	61 [41, 81]

	LVESVi; ml/m2
	
	
	
	
	20 [11, 28]
	23 [12, 34]
	18 [10, 27]
	21 [10, 32]
	17 [8, 25]
	20 [9, 31]
	15 [7, 24]
	19 [8, 30]

	LVSVi; ml/m2
	
	
	
	
	41 [29, 54]
	45 [31, 58]
	41 [29, 53]
	44 [30, 57]
	40 [28, 52]
	42 [29, 56]
	40 [28, 52]
	41 [28, 55]

	LVEF; %
	
	
	
	
	68 [56, 79]
	66 [55, 78]
	69 [58, 81]
	67 [56, 79]
	71 [60, 82]
	68 [57, 80]
	73 [61, 84]
	69 [57, 81]

	LVMi; g/m2
	
	
	
	
	44 [33, 55]
	55 [39, 70]
	44 [33, 55]
	54 [39, 70]
	44 [33, 56]
	54 [38, 69]
	45 [34, 56]
	53 [38, 69]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	65 [46, 84]
	78 [55, 101]
	65 [46, 84]
	76 [53, 99]
	65 [46, 84]
	74 [50, 97]
	65 [46, 84]
	72 [48, 95]

	RVESVi; ml/m2
	
	
	
	
	25 [15, 35]
	34 [21, 47]
	25 [15, 35]
	32 [19, 45]
	24 [14, 34]
	31 [18, 44]
	24 [14, 34]
	29 [17, 42]

	RVSVi; ml/m2
	
	
	
	
	40 [27, 52]
	44 [29, 60]
	40 [27, 53]
	43 [28, 59]
	40 [28, 53]
	43 [28, 58]
	41 [28, 54]
	42 [27, 57]

	RVEF; %
	
	
	
	
	61 [51, 71]
	57 [46, 68]
	62 [51, 72]
	58 [47, 68]
	62 [52, 73]
	58 [47, 69]
	63 [53, 74]
	59 [48, 70]

	Chinese ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	(13-16)
	(16-19)
	(18)
	(14-17)
	(10-24)
	(10-20)
	(46-66)
	(24-49)
	(35-52)
	(21-37)
	(11-12)
	

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	71 [55, 88]
	78 [58, 97]
	69 [52, 85]
	75 [55, 94]
	66 [50, 82]
	72 [52, 91]
	64 [47, 80]
	69 [49, 88]
	61 [45, 77]
	65 [46, 85]
	58 [42, 75]
	

	LVESVi; ml/m2
	24 [14, 33]
	28 [17, 39]
	22 [13, 31]
	26 [15, 38]
	20 [11, 29]
	25 [14, 36]
	19 [10, 28]
	23 [12, 34]
	17 [8, 26]
	21 [10, 32]
	15 [6, 25]
	

	LVSVi; ml/m2
	48 [35, 61]
	50 [36, 64]
	47 [34, 60]
	48 [35, 62]
	46 [33, 59]
	47 [33, 61]
	45 [32, 58]
	46 [32, 59]
	44 [31, 57]
	44 [30, 58]
	43 [30, 56]
	

	LVEF; %
	67 [56, 78]
	64 [51, 76]
	68 [57, 79]
	65 [52, 77]
	69 [59, 80]
	66 [53, 78]
	71 [60, 82]
	67 [54, 79]
	72 [61, 83]
	68 [55, 80]
	73 [62, 84]
	

	LVMi; g/m2
	42 [31, 53]
	56 [43, 70]
	43 [33, 54]
	56 [43, 69]
	45 [34, 55]
	56 [42, 69]
	46 [35, 57]
	55 [42, 69]
	47 [36, 58]
	55 [42, 68]
	48 [37, 59]
	

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	70 [49, 91]
	78 [52, 104]
	69 [48, 90]
	77 [51, 103]
	68 [48, 89]
	77 [51, 103]
	67 [47, 88]
	76 [50, 102]
	66 [46, 87]
	75 [49, 101]
	65 [45, 86]
	

	RVESVi; ml/m2
	27 [14, 39]
	31 [16, 47]
	26 [14, 39]
	32 [17, 47]
	26 [13, 38]
	32 [17, 47]
	25 [13, 38]
	32 [17, 47]
	25 [12, 37]
	32 [17, 47]
	24 [12, 37]
	

	RVSVi; ml/m2
	43 [29, 57]
	47 [29, 64]
	43 [29, 57]
	46 [28, 63]
	42 [29, 56]
	45 [27, 63]
	42 [28, 56]
	44 [26, 62]
	41 [28, 55]
	43 [25, 61]
	41 [27, 55]
	

	RVEF; %
	62 [50, 75]
	60 [45, 74]
	62 [50, 75]
	59 [45, 73]
	62 [50, 75]
	59 [45, 73]
	63 [50, 75]
	58 [44, 72]
	63 [50, 75]
	58 [43, 72]
	63 [51, 75]
	

	Mixed/Other ethnicity

	Variable
	18- 29
	30- 39
	40- 49
	50- 59
	60- 69
	70+

	N (min-max)
	
	
	
	
	
	
	(133-137)
	(65-68)
	(107-111)
	(59-62)
	(47-51)
	(32-36)

	Left ventricle
	 Women
	Men
	Women 
	Men
	 Women
	Men
	 Women
	Men
	 Women
	Men
	Women 
	Men

	LVEDVi; ml/m2
	
	
	
	
	
	
	65 [46, 83]
	74 [51, 97]
	62 [43, 80]
	68 [45, 91]
	59 [40, 78]
	62 [39, 85]

	LVESVi; ml/m2
	
	
	
	
	
	
	20 [10, 30]
	24 [12, 37]
	19 [9, 29]
	23 [10, 36]
	17 [7, 28]
	21 [8, 34]

	LVSVi; ml/m2
	
	
	
	
	
	
	45 [31, 58]
	49 [34, 65]
	43 [29, 56]
	46 [30, 62]
	41 [27, 55]
	43 [27, 59]

	LVEF; %
	
	
	
	
	
	
	69 [58, 80]
	67 [56, 79]
	70 [59, 81]
	67 [56, 79]
	71 [59, 82]
	67 [56, 79]

	LVMi; g/m2
	
	
	
	
	
	
	47 [34, 61]
	61 [44, 78]
	47 [34, 60]
	59 [43, 76]
	47 [34, 60]
	58 [41, 75]

	Right ventricle
	Women  
	Men  
	Women  
	  Men
	  Women
	  Men
	Women  
	Men  
	Women  
	Men  
	Women  
	  Men

	RVEDVi; ml/m2
	
	
	
	
	
	
	73 [51, 96]
	88 [59, 117]
	70 [48, 92]
	82 [53, 111]
	67 [45, 89]
	76 [46, 105]

	RVESVi; ml/m2
	
	
	
	
	
	
	28 [17, 40]
	36 [21, 52]
	27 [16, 38]
	35 [19, 50]
	26 [14, 37]
	33 [18, 49]

	RVSVi; ml/m2
	
	
	
	
	
	
	45 [30, 60]
	51 [34, 69]
	43 [28, 58]
	47 [29, 65]
	41 [26, 56]
	43 [25, 61]

	RVEF; %
	
	
	
	
	
	
	61 [52, 71]
	59 [49, 68]
	61 [51, 71]
	57 [48, 67]
	61 [51, 71]
	56 [47, 66]


Table 4 footnote. Abbreviations: LVEDVi - Left ventricular end-diastolic volume index, LVESVi - Left ventricular end-systolic volume index, LVSVi - Left ventricular stroke volume index, LVEF - Left ventricular ejection fraction, LVMi - Left ventricular mass index (in diastole), RVEDVi - Right ventricular end-diastolic volume index, RVESVi - Right ventricular end-systolic volume index, RVSVi - Right ventricular stroke volume index, RVEF - Right ventricular ejection fraction.










[bookmark: _Ref155955348]Table 5. Left and right atrial parameters for White women and men pooled from all age groups (> 18 years-old)
	Variable
	Women
	Men

	Left atria
	 
	

	LAESVi; ml/m2
	33 [15, 52]
	32 [11, 52]

	LA max indexed; ml/m2
	35 [17, 54]
	34 [14, 55]

	LAEF; %
	66 [48, 83]
	66 [36, 86]

	Right atria
	 
	 

	RAESVi; ml/m2
	37 [17, 57]
	42 [15, 68]

	RA max indexed; ml/m2
	38 [18, 58]
	44 [17, 70]

	RAEF; %
	54 [36, 73]
	52 [32, 72]


Table 5. Abbreviations: LAESVi - Left atrial end-systolic volume index, LA max indexed - Left atrial maximum volume index, LAEF - Left atrial ejection fraction, RAESVi -  Right atrial end-systolic volume index, RA max indexed - Right atrial maximum volume index, RAEF - Right atrial ejection fraction.


