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ORIGINAL ARTICLE

Validation of Cardiovascular Magnetic 
Resonance–Derived Equation for Predicted 
Left Ventricular Mass Using the UK Biobank 
Imaging Cohort
Tool for Donor-Recipient Size Matching

Kenneth Fung, MBBS, MRCP; Caitlin Cheshire, MBBS; Jackie A. Cooper, CStat, MSc; Pedro Catarino, FRCS;  
Stefan K. Piechnik, DSc, PhD, MScEE; Stefan Neubauer, MD, FRCP, FMedSci; Sai Bhagra, MRCP;  
Stephen Pettit, PhD; Steffen E. Petersen, MD, DPhil, MSc, MPH

BACKGROUND: Current guidance from International Society for Heart and Lung Transplantation recommends using body weight 
for donor-recipient size matching for heart transplantation. However, recent studies have shown that predicted heart mass, using 
body weight, height, age, and sex, may represent a better method of size matching. We aim to validate a cardiovascular magnetic 
resonance (CMR)–derived equation for predicted left ventricular mass (LVM) in a cohort of normal individuals in the United Kingdom.

METHODS: This observational study was conducted in 5065 middle-aged (44–77 years old) UK Biobank participants who 
underwent CMR imaging in 2014 to 2015. Individuals with cancer diagnosis in the previous 12 months or history of 
cardiovascular disease were excluded. Predicted LVM was calculated based on participants’ sex, height, and weight recorded 
at the time of imaging. Correlation analyses were performed between the predicted LVM and the LVM obtained from manual 
contouring of CMR cine images. The analysis included 3398 participants (age 61.5±7.5 years, 47.8% males). 

RESULTS: Predicted LVM was considerably higher than CMR-derived LVM (mean±SD of 138.8±28.9 g versus 86.3±20.9 g). 
However, there was a strong correlation between the 2 measurements (Spearman correlation coefficient 0.802, P<0.0001).

CONCLUSIONS: Predicted LVM calculated using a CMR-derived equation that incorporates height, weight, and sex has a strong 
correlation with CMR LVM in large cohort of normal individuals in the United Kingdom. Our findings suggest that predicted 
heart mass equations may be a valid tool for donor-recipient size matching for heart transplantation in the United Kingdom.
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See Editorial by Tremblay-Gravel and Khush

Size matching is an important consideration in heart 
transplantation. At a simplistic level, a recipient should 
receive a donor heart that is large enough to gen-

erate adequate cardiac output and overcome recipient 

pulmonary vascular resistance but small enough to fit into 
the mediastinal space and allow the chest to be closed. 
Current guidelines for donor-recipient size matching are 
based on body weight alone. The International Society for 
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Heart and Lung Transplantation1 recommends (1) that it 
is safe to use hearts from donors whose body weight is 
<30% below that of the recipient, (2) that a heart from a 
male donor of average body weight (70 kg) is acceptable 
for all recipients, and (3) that in cases where the donor is 
female, then her body weight should not be >20% lower 
than a male recipient. These recommendations are based 
on expert consensus opinion and small observational 
studies from the early 1990s.2,3

It is recognized that body weight is not a good marker 
of heart mass. This is a particular concern with the rising 
prevalence of obesity in the 21st century.4,5 Ventricular 
mass varies significantly with age and sex.6–8 Equations 
to predict left and right ventricular heart mass (predicted 
heart mass [PHM]) have been derived from regression 
models of cardiovascular magnetic resonance (CMR) 
imaging using a large subset of participants in the Amer-
ican, population-based MESA (Multi-Ethnic Study of 
Atherosclerosis) cohort.9,10 These equations incorporate 
height, weight, age and sex to determine PHM. Total PHM 

has been proposed as an alternate method to evaluate 
donor-recipient size matching for heart transplantation.

Total PHM as a tool for size matching in heart trans-
plantation has been explored in the United Network for 
Organ Sharing dataset. There was no association between 
post-transplant survival and undersizing by body weight 
difference, but there was lower post-transplant survival 
with undersizing by PHM difference. PHM difference 
appeared to modulate the lower post-transplant survival 
associated with female donor into male recipient sex 
mismatching.11,12 In addition, undersizing by PHM differ-
ence seems to be associated with higher rates of severe 
primary graft dysfunction after heart transplantation.13

Although PHM equations are a promising tool for 
size matching in heart transplantation, PHM equations 
were not derived for this purpose, and there is no data to 
support the validity of this approach outside the United 
States.11 In addition, PHM equations were derived from 
a single study based in the United States and have not 
been externally validated. This study aims to validate a 
CMR-derived equation for predicted left ventricular mass 
(LVM) in a large population of normal individuals within 
the UK Biobank imaging study.

METHODS
Data Access
The data used in this study are available to all bona fide 
researchers via application to the UK Biobank in accordance 
with their approval criteria. Information for the detailed access 
procedure can be found at https://www.ukbiobank.ac.uk/
using-the-resource/.

Study Participants
The first 5065 participants from the UK Biobank imaging sub-
study (https://imaging.ukbiobank.ac.uk) enrolled between 2014 
and 2015 were included. These participants were initially part of 
the 500 000+ men and women aged 40 to 69 years recruited 
in 2006 to 2010 into the UK Biobank study, which is a large 
prospective study with a wealth of physical, genetic, and clinical 
data for health-related research. The imaging substudy aims to 
assess over 100 000 participants for a range of imaging, includ-
ing CMR, by 2023.14 The UK Biobank study was approved by the 
North West Multi-Centre Research Ethics Committee and written 
informed consent was obtained from all individuals at recruitment 
to participate in the UK Biobank study. All methods were per-
formed in accordance with the relevant guidelines and regulations.

Exclusion Criteria
Participants with a history of angina, myocardial infarction, 
stroke, and atrial fibrillation were excluded. We also excluded 
those with a reported diagnosis of cancer in the previous 12 
months before CMR imaging. These data were collected based 
on self-reported questionnaires and nurse-led verbal interviews 
on past and current medical conditions. In addition, diagnoses 
were captured from Hospital Episode Statistics records accord-
ing to the International Classification of Diseases, Ninth and 

Nonstandard Abbreviations and Acronyms

CMR cardiovascular magnetic resonance
LV left ventricular
LVM left ventricular mass
MESA Multi-Ethnic Study of Atherosclerosis
PHM predicted heart mass

WHAT IS NEW?
• In this large cohort study, we demonstrated that 

predicted left ventricular (LV) mass using sex, 
height, and weight has strong correlation with LV 
mass measured by cardiovascular magnetic reso-
nance (CMR) imaging.

• The correlation of CMR-measured LV mass with 
predicted LV mass is stronger compared with that 
of weight or height.

• There is poor absolute numerical agreement 
between predicted LV mass and CMR-measured 
LV mass (absolute difference in mean values=62 g 
for men, 44 g for women).

WHAT ARE THE CLINICAL IMPLICATIONS?
• Our findings challenge the clinical practice of using 

weight or height alone for donor-recipient size 
matching in heart transplantation.

• Predicted heart mass using CMR-derived equations 
seems to offer a better technique for donor-recipient 
size matching than using height or weight alone.

• The equations for predicted heart mass, which were 
derived from a multiethnic group, are translatable to 
a predominately white population.
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Tenth Revisions.15 We also utilized the algorithmic definitions for 
myocardial infarction16 and stroke17 developed by UK Biobank 
that incorporates data from hospital admissions and death reg-
istries. No one declared to be pregnant at the time of imaging. 
Finally, individuals who weighed >135 kg were excluded.

CMR Acquisition and Derived Parameters
The UK Biobank CMR imaging protocol and image analysis have 
been described in detail previously.18,19 Briefly, CMR examina-
tions were performed with a 1.5 Tesla scanner (MAGNETOM 
Aera, Syngo Platform VD13A; Siemens Healthcare, Erlangen, 
Germany) in a single dedicated center for UK Biobank imag-
ing in Cheadle, United Kingdom. The manual analyses of CMR 
images were previously performed using cvi42 postprocess-
ing software (Version 5.1.1, Circle Cardiovascular Imaging, Inc, 
Calgary, Canada) between 8 readers located in 2 core labora-
tories based on standard operating procedures for analysis. The 
end-diastolic frame was nominally defined as the first frame of 
the image series. Papillary muscles were included as blood pool 
and excluded from mass. The derived left ventricular (LV) param-
eters included: end-diastolic volume, end-systolic volume, stroke 
volume, mass and ejection fraction. A healthy subcohort was pre-
viously used to derive normal reference ranges19 and provided 
cutoffs for our study whereby individuals with LV parameter val-
ues outside their sex-specific reference ranges were removed.

Predicted LVM
Predicted LVM was calculated using the equation developed 
from MESA9: a×(height in meters)0.54×(weight in kilograms)0.61, 
where a=6.82 for women and 8.25 for men. Physical measure-
ments were recorded on the day of imaging with height being 
measured to the nearest centimeter in a barefoot standing 
position using a Seca 202 device (Seca, Birmingham, United 
Kingdom). Body weight was measured, to the nearest 0.1 of a 
kilogram, using a Tanita BC-418MA body composition analyzer. 
Participants were asked to remove their shoes and heavy outer 
clothing before weight measurements were taken.

Statistical Analyses
LVM was assessed for normality using histograms and quan-
tile-quantile plots. Continuous variables were summarized as 
mean±SD or median (interquartile range), whereas categorical 
data were displayed as absolute counts (percentages). Linear 
regression analysis was performed to compare predicted 
LVM and CMR LVM. Bland-Altman plot using log-transformed 
predicted LVM and log-transformed CMR LVM were used to 
assess for bias and limits of agreement. Log-transformation 
was performed to adjust for the relative difference that exists 
between the derived LVM in MESA and UK Biobank. R (ver-
sion 3.5.1) software20 was used for all statistical analyses, and 
P<0.05 was considered statistically significant.

RESULTS
Baseline Demographics
Of the 5065 participants, we initially excluded those 
with either no available images or nonanalyzable images 
(n=172). We excluded individuals with LV parameters that 

lie outside the normal ranges (n=1234). We excluded 
3 individuals who weighed >135 kg. A further 258 par-
ticipants were excluded due to a history of cardiovascu-
lar disease or a diagnosis of cancer in the preceding 12 
months. After these exclusions, a total of 3398 individu-
als (age 61.5±7.5 years, 47.8% males) were included in 
our study (Figure 1), and their characteristics are sum-
marized in the Table. The median (interquartile range) 
body mass index was 25.3 (5.0) kg/m2. The mean LVM 
obtained from the manual analysis of CMR images was 
102.9±16.4 g for men and 71.1±10.4 g for women, 
whereas the mean predicted LVM in the same cohort was 
165.0±16.3 g for men and 114.8±12.3 g for women.

Correlation Between Predicted LVM and CMR 
LVM
The predicted LVM calculated using the equation has 
strong positive correlation with the measured LVM from 
CMR images in our cohort (Figure 2). The Spearman 
correlation coefficient was 0.802 (P<0.0001) between 
predicted LVM and CMR LVM. The sex-specific correla-
tion for men and women between these 2 masses was 
more modest with coefficients of 0.431 (P<0.0001) 
and 0.401 (P<0.0001), respectively (Figure I in the 
Data Supplement).

Bland-Altman analysis showed generally excellent 
agreement between the observed with predicted LVM 
with mean log-transformed difference of 0.48±0.15 g 
(Figure 3). The 95% limits of agreement between the 
2 log-transformed measurements were between 0.19 g 
and 0.77 g. The 95% CI of the lower and upper limits 
of agreement were 0.186 g to 0.203 g and 0.757 g to 
0.774 g, respectively.

Correlation Between Height/Weight and CMR 
LVM
Given that height or weight alone is used in current clini-
cal practice for donor-recipient size matching in heart 
transplantation, we, therefore, also report the correla-
tion of these measures with CMR LVM. In our studied 
population, both height and weight were found to have 

Figure 1. UK Biobank participant selection flowchart.  
AF indicates atrial fibrillation; CMR, cardiovascular magnetic resonance; 
HF, heart failure; LV, left ventricular; and MI, myocardial infarction.
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strong positive correlations with CMR-measured LVM 
(Figure 4). The Spearman correlation coefficients for 
these measures with CMR LVM were 0.684 (P<0.0001) 
for height and 0.665 (P<0.0001) for weight, respectively. 
However, the correlations are greatly reduced when we 
derived for males and females. For males, the Spear-
man correlation coefficients were 0.235 (P<0.0001) for 
height and 0.427 (P<0.0001) for weight (Figures II and 
III in the Data Supplement). For females, the Spearman 
correlation coefficient was 0.199 (P<0.0001) for height 
and 0.389 (P<0.0001) for weight (Figures II and III in the 
Data Supplement).

DISCUSSION
We have validated an equation for prediction of LV mass 
in 3398 participants of the UK Biobank study. We have 
demonstrated that predicted LVM has a strong corre-
lation with CMR-measured LVM, performed by manual 
contouring of short-axis cine images, in our study popu-
lation. This finding is encouraging with regard to the use 
of PHM equations for donor-recipient size matching in 
heart transplantation.

There was a significant difference between the abso-
lute values of predicted LVM and CMR-measured LVM 
(absolute difference in mean values=62 g for men, 44 
g for women). This is an expected finding due to differ-
ences in the imaging protocols and analysis technique 

between the MESA and UK Biobank studies. The mean 
LVM in the MESA cohort that was used to derive the 
PHM equations, but without traditional cardiovascular 
risk factors, was 163.8±35.8g for men and 113.6±24.2 
g for women.7 However, the mean LVM in the UK Biobank 
healthy subset was lower (103±21 g for men, 70±13 g 
for women), and therefore, much of the absolute differ-
ence may represent differences in imaging and analysis 
techniques. Calculated LVM has been previously shown 
to be greater when measured from traditional gradient-
echo images, which was used in the MESA study, com-
pared with images acquired using balanced steady-state 
free precession imaging sequence.21

Although the age and sex ratio are comparable 
between the MESA and UK Biobank cohorts, there are 
several baseline characteristics that would also account 
for the higher LVM seen in the MESA cohort. First, the 
MESA cohort was ethnically diverse, with 39% white, 
26% Hispanic, 26% black, and 13% Chinese-Ameri-
can participants. In contrast, 96.8% of participants in 
the UK Biobank study were white, and this may have 
contributed to lower measured LV mass. Second, in our 
studied populations, the MESA participants had higher 
body mass index (mean 28±5 versus 26±4 kg/m2), 
and third, the proportion of current smokers was 12% 
in MESA cohort compared with just 4% among UK Bio-
bank participants.

Clinical Implications
It would seem that PHM equations are well correlated 
with a “real-world” measurement of heart mass in a 
large population of normal individuals, the type of indi-
viduals who might become organ donors in unfortunate 
circumstances. It is important to note that the absolute 
value of PHM is less important than the correlation 
between PHM and a “real-world” measurement of heart 
mass. When using an equation to predict both donor and 
recipient matching, one is trying to judge the relative dif-
ference between donor and recipient heart mass rather 
than the absolute heart mass.

PHM equations may become a useful tool for size 
matching in heart transplantation. All required variables 
are available when decisions about donor-recipient suit-
ability are being made. PHM is relatively straightforward 
to calculate. In addition, it would be amenable to automate 
calculations using an online or mobile app, and this could 
be incorporated with a decision support tool for health-
care professionals. Such a tool might help clinicians avoid 
undersizing and therefore reduce the risk of primary graft 
dysfunction and post-transplant mortality in the recipient. 
In particular, the equations may help clinicians to identify 
the hidden undersizing that is associated with sex mis-
matching of female donor hearts into male recipients.

Further work is required to determine whether size 
matching by PHM is the optimal metric for donor-recipient 

Table. UK Biobank Participant Characteristics

All Participants (n=3398)

Age, y 61.5±7.5

Males 1623 (47.8)

White ethnicity 3288 (96.8)

Height, cm 169.6±9.3

Weight, kg 74.2±14.0

Body mass index, kg/m2 25.7±3.9

Higher education 2063 (60.7)

Employment 1494 (44.4)

Current smoker 137 (4.1)

Regular alcohol 1529 (45.4)

Systolic blood pressure, mm Hg 135.7±17.9

Diastolic blood pressure, mm Hg 78.6±9.9

Heart rate, beats per min 70.4±11.2

Hypertension 898 (26.4)

Hypercholesterolemia 695 (20.5)

Diabetes mellitus 129 (3.8)

CMR left ventricular end-diastolic volume, mL 139.1±27.2

CMR left ventricular end-systolic volume, mL 56.4±14.1

CMR left ventricular mass, g 86.3±20.9

CMR left ventricular ejection fraction, % 59.7±4.8

Data are expressed as mean±SD or as numbers (%).
CMR indicates cardiovascular magnetic resonance.
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size matching in heart transplantation and whether a 
cutoff exists for an acceptable level of undersizing. This 
may require complex statistical analysis of other factors 
that may interact with undersizing, such as ischemic time, 
donor age, and recipient pulmonary vascular resistance.

Strength and Limitations
The main strengths of this study lie in the fact that 
it is performed in a large cohort, and CMR data has 
been collected and analyzed using defined protocols 

to produce highly accurate and reproducible data. 
However, we do acknowledge some limitations in our 
study. The UK Biobank participants are predominately 
middle-aged whites, and so the findings may not be 
applicable to other age and ethnic groups. Cancer 
diagnoses and the year (or age) of diagnosis were 
self-reported. Therefore, we may not have captured all 
cancer diagnoses within 12 months of CMR imaging. 
Finally, we could only validate predicted LVM as right 
ventricular mass was not manually derived from the UK 
Biobank CMR images.

Figure 2. Correlation of predicted 
left ventricular mass (LVM) and 
cardiovascular magnetic resonance 
(CMR) LVM.  
A strong correlation between the 
predicted LVM calculated using a CMR-
derived equation and CMR-measured 
LVM was found with a Spearman’s 
correlation coefficient 0.802 (P<0.0001).

Figure 3. Bland-Altman plot for the 
differences between log-transformed 
predicted left ventricular mass 
(LVM) and cardiovascular magnetic 
resonance (CMR) LVM.  
Blue line represents the mean of the 
differences between log-transformed 
predicted LVM and CMR LVM. Red lines 
denote the upper and lower limits of 
agreement (mean difference±[1.96×SD]), 
where SD is the SD of the differences.
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CONCLUSIONS
In a large middle-aged white cohort, we have demonstrated 
a strong correlation between LVM predicted by a CMR-
derived equation and LVM measured by CMR in a large 
population of normal individuals in the United Kingdom. Our 
findings support ongoing study of PHM equations as a tool 
for donor-recipient size matching in heart transplantation.

ARTICLE INFORMATION
Received June 25, 2019; accepted October 7, 2019.

Affiliations
William Harvey Research Institute, NIHR Barts Biomedical Research Centre, 
Queen Mary University of London, Charterhouse Square, United Kingdom (K.F., 
J.A.C., S.E.P.). Barts Heart Centre, St Bartholomew’s Hospital, Barts Health NHS 
Trust, London, United Kingdom (K.F., S.E.P.). Advanced Heart Failure and Trans-
plant Unit, Royal Papworth Hospital NHS Foundation Trust, Cambridge, United 
Kingdom (C.C., P.C., S.B., S.P.). NIHR Oxford Biomedical Research Centre, Division 
of Cardiovascular Medicine, University of Oxford, United Kingdom (S.K.P., S.N.).

Acknowledgments
This research has been conducted using the UK Biobank Resource under Appli-
cation 2964. We thank all UK Biobank participants and staff. We also thank Nay 
Aung, Jose M. Paiva, Elena Lukaschuk, Mihir M. Sanghvi, Mohammed Y. Khanji, 

Filip Zemrak, Valentina Carapella, and Young Jin Kim for contributing significantly 
to the manual analysis of the UK Biobank cases.

Sources of Funding
K. Fung is supported by The Medical College of Saint Bartholomew’s Hospital 
Trust, an independent registered charity that promotes and advances medical and 
dental education and research at Barts and The London School of Medicine and 
Dentistry. Drs Petersen, Piechnik, and Neubauer acknowledge the British Heart 
Foundation for funding the manual analysis to create a cardiovascular magnetic 
resonance (CMR) imaging reference standard for the UK Biobank imaging re-
source in 5000 CMR scans (PG/14/89/31194). The UK Biobank was estab-
lished by the Wellcome Trust medical charity, Medical Research Council, Depart-
ment of Health, Scottish Government, and the Northwest Regional Development 
Agency. It has also received funding from the Welsh Assembly Government and 
the British Heart Foundation.

Disclosures
Dr Petersen provides consultancy to Circle Cardiovascular Imaging Inc, Calgary, 
Canada. The other authors report no conflicts.

REFERENCES
 1. Costanzo MR, Dipchand A, Starling R, Anderson A, Chan M, Desai S, 

Fedson S, Fisher P, Gonzales-Stawinski G, Martinelli L, et al; International 
Society of Heart and Lung Transplantation Guidelines. The International 
Society of heart and lung transplantation guidelines for the care of heart 
transplant recipients. J Heart Lung Transplant. 2010;29:914–956. doi: 
10.1016/j.healun.2010.05.034

Figure 4. Correlation of 
cardiovascular magnetic resonance 
(CMR) left ventricular mass (LVM) 
with height and weight.  
Strong correlations were found for 
(A) height and (B) weight (Spearman 
correlation coefficient 0.684 and 0.665 
[P<0.0001 for both], respectively), but the 
magnitude of these correlations is less 
compared with the correlation between 
predicted LVM and CMR LVM.



Fung et al Tool for Donor-Recipient Size Matching

Circ Heart Fail. 2019;12:e006362. DOI: 10.1161/CIRCHEARTFAILURE.119.006362 December 2019 7

 2. Blackbourne LH, Tribble CG, Langenburg SE, Sinclair KN, Rucker GB, 
Chan BB, Spotnitz WD, Bergin JD, Kron IL. Successful use of undersized 
donors for orthotopic heart transplantation–with a caveat. Ann Thorac Surg. 
1994;57:1472–5; discussion 1475. doi: 10.1016/0003-4975(94)90103-1

 3. Sethi GK, Lanauze P, Rosado LJ, Huston C, McCarthy MS, Butman S, 
Copeland JG. Clinical significance of weight difference between donor 
and recipient in heart transplantation. J Thorac Cardiovasc Surg. 
1993;106:444–448.

 4. Collis T, Devereux RB, Roman MJ, de Simone G, Yeh J, Howard BV, 
Fabsitz RR, Welty TK. Relations of stroke volume and cardiac output to body 
composition: the strong heart study. Circulation. 2001;103:820–825. doi: 
10.1161/01.cir.103.6.820

 5. de Simone G, Devereux RB, Daniels SR, Mureddu G, Roman MJ, 
Kimball TR, Greco R, Witt S, Contaldo F. Stroke volume and cardiac out-
put in normotensive children and adults. Assessment of relations with body 
size and impact of overweight. Circulation. 1997;95:1837–1843. doi: 
10.1161/01.cir.95.7.1837

 6. Salton CJ, Chuang ML, O’Donnell CJ, Kupka MJ, Larson MG, 
Kissinger KV, Edelman RR, Levy D, Manning WJ. Gender differences 
and normal left ventricular anatomy in an adult population free of hyper-
tension. A cardiovascular magnetic resonance study of the Framingham 
Heart Study offspring cohort. J Am Coll Cardiol. 2002;39:1055–1060. doi: 
10.1016/s0735-1097(02)01712-6

 7. Natori S, Lai S, Finn JP, Gomes AS, Hundley WG, Jerosch-Herold M, 
Pearson G, Sinha S, Arai A, Lima JA, Bluemke DA. Cardiovascular func-
tion in multi-ethnic study of atherosclerosis: normal values by age, sex, and 
ethnicity. AJR Am J Roentgenol. 2006;186(6 suppl 2):S357–S365. doi: 
10.2214/AJR.04.1868

 8. Cheng S, Fernandes VR, Bluemke DA, McClelland RL, Kronmal RA, Lima  
JA. Age-related left ventricular remodeling and associated risk for cardiovas-
cular outcomes: the Multi-Ethnic Study of Atherosclerosis. Circ Cardiovasc 
Imaging. 2009;2:191–198. doi: 10.1161/CIRCIMAGING.108.819938

 9. Bluemke DA, Kronmal RA, Lima JA, Liu K, Olson J, Burke GL, Folsom AR. 
The relationship of left ventricular mass and geometry to incident cardiovas-
cular events: the MESA (Multi-Ethnic Study of Atherosclerosis) study. J Am 
Coll Cardiol. 2008;52:2148–2155. doi: 10.1016/j.jacc.2008.09.014

 10. Kawut SM, Lima JA, Barr RG, Chahal H, Jain A, Tandri H, Praestgaard A, 
Bagiella E, Kizer JR, Johnson WC, Kronmal RA, Bluemke DA. Sex and race 
differences in right ventricular structure and function: the multi-ethnic study 
of atherosclerosis-right ventricle study. Circulation. 2011;123:2542–2551. 
doi: 10.1161/CIRCULATIONAHA.110.985515

 11. Reed RM, Netzer G, Hunsicker L, Mitchell BD, Rajagopal K, Scharf S, 
Eberlein M. Cardiac size and sex-matching in heart transplantation: size 

matters in matters of sex and the heart. JACC Heart Fail. 2014;2:73–83. 
doi: 10.1016/j.jchf.2013.09.005

 12. Kransdorf EP, Kittleson MM, Benck LR, Patel JK, Chung JS, Esmailian F, 
Kearney BL, Chang DH, Ramzy D, Czer LSC, Kobashigawa JA. Predicted 
heart mass is the optimal metric for size match in heart transplanta-
tion. J Heart Lung Transplant. 2019;38:156–165. doi: 10.1016/j.healun. 
2018.09.017

 13. Gong TA, Joseph SM, Lima B, Gonzalez-Stawinski GV, Jamil AK, 
Felius J, Qin H, Saracino G, Rafael AE, Kale P, Hall SA. Donor predicted 
heart mass as predictor of primary graft dysfunction. J Heart Lung Trans-
plant. 2018;37:826–835. doi: 10.1016/j.healun.2018.03.009

 14. Petersen SE, Matthews PM, Bamberg F, Bluemke DA, Francis JM, 
Friedrich MG, Leeson P, Nagel E, Plein S, Rademakers FE, Young AA, 
Garratt S, Peakman T, Sellors J, Collins R, Neubauer S. Imaging in popula-
tion science: cardiovascular magnetic resonance in 100,000 participants 
of UK Biobank - rationale, challenges and approaches. J Cardiovasc Magn 
Reson. 2013;15:46. doi: 10.1186/1532-429X-15-46

 15. WHO. International Classification of Diseases (ICD). Available at https://
www.who.int/classifications/icd/en/. Accessed April 23, 2019.

 16. Schnier C, Bush K, Nolan J, Sudlow C. Definitions of Acute Myocardial 
Infarction and Main Myocardial Infarction Pathological Types UK Biobank 
Phase 1 Outcomes Adjudication On behalf of UK Biobank Outcome Adju-
dication Group. Available at http://biobank.ctsu.ox.ac.uk/crystal/crystal/
docs/alg_outcome_mi.pdf. Accessed April 23, 2019.

 17. Schnier C, Bush K, Nolan J, Sudlow C. Definitions of Stroke for UK Biobank 
Phase 1 Outcomes Adjudication On behalf of UK Biobank Outcome Adju-
dication Group. Available at https://biobank.ctsu.ox.ac.uk/crystal/crystal/
docs/alg_outcome_stroke.pdf. Accessed April 23, 2019.

 18. Petersen SE, Matthews PM, Francis JM, Robson MD, Zemrak F, 
Boubertakh R, Young AA, Hudson S, Weale P, Garratt S, et al. UK Biobank’s 
cardiovascular magnetic resonance protocol. J Cardiovasc Magn Reson. 
2016;18:8. doi: 10.1186/s12968-016-0227-4

 19. Petersen SE, Aung N, Sanghvi MM, Zemrak F, Fung K, Paiva JM, Francis JM, 
Khanji MY, Lukaschuk E, Lee AM, et al. Reference ranges for cardiac struc-
ture and function using cardiovascular magnetic resonance (CMR) in Cau-
casians from the UK Biobank population cohort. J Cardiovasc Magn Reson. 
2017;19:18. doi: 10.1186/s12968-017-0327-9

 20. R Core Team. R: A Language and Environment for Statistical Computing. 
Vienna, Austria: R Foundation for Statistical Computing; 2016.

 21. Plein S, Bloomer TN, Ridgway JP, Jones TR, Bainbridge GJ, Sivananthan MU. 
Steady-state free precession magnetic resonance imaging of the heart: 
comparison with segmented k-space gradient-echo imaging. J Magn Reson 
Imaging. 2001;14:230–236. doi: 10.1002/jmri.1178




