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General introduction

Yearly, around 200 people below the age of 40 die suddenly while participating 
in sports in the Netherlands. This has an enormous impact as young athletes are 
considered as an example of health. These sudden cardiac deaths (SCD) are mainly 
caused by pre-existent pathology. Screening for this pathology seems to be the only 
way to prevent cases of SCD. While screening mainly comes down to questionnaires 
and electrocardiography, imaging is used when uncertainty remains. Although cheap 
and accessible, echocardiography also remains inconclusive in many cases. This has 
resulted in increasing numbers of cardiac MRI (CMR) investigations. However, exercise 
training often results in cardiac changes that resemble pathology. Subsequently, it is 
difficult to differentiate pathology from physiological cardiac adaptation to sports. This 
study provides basic reference data for cardiac anatomy in athletes and also proposes 
parameters that can help in making the distinction with pathology.

SCD is relatively rare (1-2:100.000),1, 2 but the number of SCD cases comes close to 
that of traffic-related deaths. While around 200 people below the age fo 40 die of SCD 
annually in the Netherlands,3 the long-declining number of traffic-related deaths in the 
same age group was 246 in 2010.4 Furthermore, the death of an athlete has an immense 
impact on family, fellow-athletes and the community at large. In younger individuals 
(<35 years) the most frequent causes of SCD are hypertrophic cardiomyopathy 
(HCM, 36%), coronary artery anomalies (17%) and arrhythmogenic right ventricular 
cardiomyopathy/dysplasia (ARVC/D, 4% in the United States and 22% in Italy).5, 6  

Pre-participation screening programs aimed at preventing cases of SCD have resulted in 
increased use of CMR in athletes.7 It is hard to tell which individuals would benefit from 
a sports ban as it is extremely difficult to predict in which individuals this pathology will 
actually result in symptoms or even death. Screening can help identify potentially lethal 
pathology in athletes. Therefore, leading authorities, both medical and sports-related, 
have issued statements in support of pre-participation screening of young athletes in 
one form or another, such as the American Heart Association,5 the European Society 
of Cardiology,6 the International Union of Football Associations (FIFA),8 International 
Cycling Union (UCI) and the International Olympic Committee.9, 10 The most effective 
strategy for examining large populations is still debated,11-14 but the number of CMR 
scans continues to increase. 
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CMR is used to rule out possible causes of SCD in athletes with suspected abnormalities 
on screening. However, the diversity of what has become known as athlete’s heart is 
a challenge for sports physicians, cardiologists, and radiologists. The term implies a 
circumscribed homogeneous phenomenon, but actually encompasses hearts of various 
sizes and characteristics. Moreover, physiological cardiac changes as seen in athletes 
are known to overlap with pathology. For example, 2% of elite male athletes have left 
ventricular wall thickness of 13-15 mm and 15% have left ventricular diameters of 60 
mm or more – traits also associated with cardiomyopathy.15, 16

Upper limits and cut-off values obtained from echocardiographic research are not 
always suitable for CMR. Ventricular volumes and dimensions appear to be lower 
on 2-dimensional echocardiography, whereas left ventricular wall mass and wall 
thickness are higher than measured with CMR.17-19 Relatively little reference data from 
CMR research is available, as it is a fairly new diagnostic modality. However, CMR is 
already established as an important diagnostic tool for ischemic and non-ischemic 
cardiomyopathies, coronary artery anomalies an myocarditis.7 It has superior soft-
tissue contrast compared to echocardiography, and higher reproducibility of left and 
right ventricular volumes and wall mass.17, 20, 21 Furthermore, the cardiac apex, the 
lateral left ventricular wall and the right ventricle are often better visualized than on 
echocardiography,22, 23 enabling accurate calculations of volume and mass.

Our knowledge on cardiac adaptation in athletes is still evolving. Moreover, CMR 
reference data is still limited, particularly in athletes. Therefore, CMR data on cardiac 
anatomy and function in athletes is essential for correct interpretation of athletes’ CMR 
scans and adequate differentiation of physiology from pathology.

cardiac mri in aThLeTes sTudy: aim and previous resuLTs

The Cardiac MRI in Athletes Study (Dutch: MRI Hart Topsporters Studie), initiated by 
Niek Prakken, aims to provide CMR reference data for physiological cardiac adaptation 
to help radiologists and cardiologists when making the distinction with pathology. 
Earlier research has indicated that the most important determinants of cardiac 
adaptation in athletes are body size, gender, age, ethnicity, type of sport and possibly 
the use of anabolic drugs.22, 24, 25

A contour tracing protocol was developed for both ventricles on short-axis cine CMR 
imaging  to ensure accurate and reproducible quantitative measurement of ventricular 
volume, wall mass and function.26 Subsequently, cardiac dimensions and function 
parameters were investigated in a large cohort of healthy control subjects, who 
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exercised only modestly, and healthy athletes, mostly practising sports that combine 
endurance and resistance training. This yielded CMR reference values and upper limits 
of physiological cardiac adaptation to exercise for ventricular parameters in subgroups 
based on gender and age.24, 27 Male gender, larger body surface area and greater training 
intensity were important factors  related to larger ventricular dimensions.24 Moreover, 
multivariate analysis suggested that age has a minimal affect on cardiac adaptation 
by itself, possibly mediated through a decreased intensity per training hour with 
advancing age.27 Right and left atrial enlargement seen in healthy athletes is balanced, 
being in proportion to each other and to ventricular changes. Valvular function was 
also unaltered in these athletes and athletic activity was not associated with increased 
regurgitation fractions, as previously hypothesized to be caused by annular dilatation 
of the valves due to atrial enlargement.28

Many subjects also underwent echocardiography, allowing for a direct comparison 
of cardiac dimensions between echocardiography and CMR. Ventricular and atrial 
dimensions and volumes were larger on CMR, whereas ventricular wall thickness and 
mass were smaller than on echocardiography. This illustrates that echocardiography 
and CMR reference and cut-off values cannot be used interchangeably. However, the 
correlation between CMR and echocardiography measures is generally good and single-
dimension measurements appeared to be suitable for rough estimations of related 
3-dimensional parameters, such as the measurement of septal wall thickness to assess 
left ventricular wall mass.29

Finally, techniques for coronary artery imaging were investigated. The origin and 
proximal course of coronary arteries are depicted well using 3-dimensional magnetic 
resonance angiography, particularly in athletes because they generally have lower 
heart rates.30 Screening for coronary artery anomalies can therefore be performed in 
athletes under 35 years of age. Stenoses are harder to visualize on CMR and very low 
doses attained currently by multidetector CT (MDCT) angiography. Therefore, MDCT 
angiography is the first-choice imaging modality for screening of coronary artery 
disease in older athletes (>35 years) and symptomatic individuals.31

ouTLine of This Thesis

This thesis elaborates on the work by Dr. Prakken by investigating other determinants 
of cardiac adaptation and comparing healthy subjects to patients. An important finding 
from his research was the balanced nature of cardiac adaptation observed in athletes. 
This concept is paramount in comparing healthy subjects to cardiomyopathy patients, 
but also among athletes of different sports categories.
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In chapter 2 we investigate the influence of sports category by expanding the study 
cohort with athletes from other sports disciplines. Intuitively, the heart adapts differently 
depending on the type of load imposed upon it. A long-debated hypothesis, put forward 
by Morganroth in 1975, assumes selective ventricular wall thickening in strength 
athletes and a predominant increase in ventricular volume in endurance sports.32 The 
often-used Mitchell classification divides sports on the basis of their dynamic and static 
components.33 Dynamic exercise involves changes in muscle length with relatively small 
intramuscular force (isotonic contraction), such as endurance sports, whereas static 
exercise is associated with a relatively large intramuscular force with little or no change 
in muscle length (isometric contraction), such as strength training.34 Dynamic exercise, 
through an increased demand for oxygen during exercise, would result in a volume load 
on the heart. On the other hand, static exercise is mainly performed anaerobically, but 
is accompanied by an enormous increase in blood pressure of up to 480/350 mmHg.35 
The resulting afterload would presumably require increased contractile force from the 
left ventricle. Thus, in theory, dynamic exercise results in a ventricular volume increase 
and static exercise in ventricular wall thickening. Most physical activities will involve 

Figure 1 Classification of sports based on dynamic and static components
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both dynamic and static components to some extent, but the Mitchell classification 
provides a useful guide to identify sports disciplines as high or low in dynamic and 
static components as illustrated in figure 1. In chapter 2 groups from the far corners of 
the Mitchell classification are compared to elucidate the pattern of cardiac changes in 
each of these sports categories.

The Morganroth hypothesis of selective ventricular wall thickening in strength athletes 
(low dynamic-high static) is still debated, with support from some studies,36-38 and 
disagreement from others.39-42 A possible obscuring factor in strength athletes is the 
(concealed) use of androgenic anabolic steroids (AAS). Knowledge of cardiac changes 
that can be seen on CMR in AAS users is clinically relevant in itself, since the prevalence 
of AAS use is likely as high as 3% amongst young men in general,43 and AAS use is 
associated with systolic and diastolic dysfunction.44, 45 Chapter 3 provides insight in 
the influence of AAS use on cardiac dimensions and function of strength athletes either 
admitting or denying the use of AAS in comparison to healthy non-athletic subjects and 
athletes performing high dynamic-high static sports.

Another determinant to take into account in clinical practice is ethnicity. From previous 
research it is already known that, on average, athletes from sub-Saharan African 
descent (black) have greater left ventricular wall mass. Also, left ventricular wall 
thickness exceeds hypertrophy cut-offs more often than in Caucasian (white) athletes.46, 

47 Furthermore, abnormal electrocardiographic patterns are observed more often in 
black athletes.48-50 A less established phenomenon is the presence of hypertrabeculation 
of the left ventricle, resembling left ventricular non-compaction cardiomyopathy 
(LVNC).51, 52 As LVNC is associated with serious complications, including SCD,53, 54 it is of 
great importance to be aware of the normal variation in hypertrabeculation to prevent 
unjustified exclusion from sports. In chapter 4 the extent of hypertrabeculation in 
black and white elite footballers is quantified and related to both ethnicity and cardiac 
function.

As cardiac dimensions in healthy athletes show relatively balanced adaptation of both 
ventricles and atria, ratio measures may be of use in distinguishing physiological from 
pathological cardiac changes. Two of the most important causes of SCD are HCM, with 
left ventricular wall thickening that is often combined with smaller LV volume, and 
ARVC/D, with predominantly right ventricular dilatation. 

The ratio of left ventricular volume to wall mass (LV EDV/EDM ratio) is a potential 
discriminator between HCM and physiological cardiac adaptation in athletes.55 However, 
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its use in clinical practice remains undetermined. In chapter 5 a group of HCM patients 
is compared to groups of healthy athletes and non-athletic controls to assess the 
differentiating potential of the LV EDV/EDM ratio. Subsequently, performance measures 
are calculated in the overall group and a subgroup of cases with septal wall thickness 
that may represent borderline-HCM, as these represent the greatest clinical challenge 
when distinguishing normal from abnormal changes.

Recently, the diagnostic guidelines for ARVC/D have been revised to incorporate absolute 
CMR cut-off parameters.56 Athletes often surpass the cut-off values for enlargement 
of the right ventricular volume that are used for ARVC/D. As athletes show balanced 
ventricular enlargement and ARVC/D patients mostly have a disproportionately 
dilated RV, the ratio of left ventricular volume to right ventricular volume (LV EDV/RV 
EDV) seems more promising in helping rule out or identify ARVC/D. In chapter 6 the 
suitability of the LV EDV/RV EDV ratio as an alternative measure to absolute  ARVC/D 
criteria is investigated in ARVC/D patients, healthy athletes, and healthy non-athletes. 
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  Abstract 

SPoRtS CAteGoRy IS An IMPoRtAnt deteRMInAnt oF  
CARdIAC AdAPtAtIon: An MRI Study

BACkGRound

Physiological cardiac adaptation in athletes is influenced by body surface area, gender, 
age, training intensity and sport type. This study assesses the influence of sports 
category and provides a physiological reference for sports category and gender.

MethodS

381 subjects (mean age 25 ±5 years, range 18-39, 61% men) underwent cardiac MRI 
(CMR) and electrocardiography (ECG): 114 healthy non-athletes (≤3 training hours/
week) and 267 healthy elite athletes (mean 17 ±6.6 training hours/week). Athletes 
performed low dynamic-high static (LD-HS, n=42), high dynamic-low static (HD-LS, 
n=144) or high dynamic-high static sports (HD-HS, n=81).

ReSultS

Left ventricular (LV) end-diastolic volume (EDV) index (ml/m2) for non-athletes/LD-
HS/HD-LS/HD-HS respectively was 101/107/122/129 in males and 90/103/106/111 
in females. LV end-diastolic mass index (EDM) (g/m2) for non-athletes/LD-HS/HD-LS/
HD-HS was 47/49/57/69 for males and 34/38/42/51 for females. LV/RV EDV ratios 
were alike in all groups. LV EDV/EDM ratios were similar in non-athletes/LD-HS/HD-
LS athletes, and only lower in HD-HS athletes, disproving selective ventricular wall 
thickening in LD-HS athletes. Multivariate linear regression demonstrated HD-LS and 
HD-HS sports category coefficients (p<0.01) larger than those of training hours, gender 
and age (LV EDV/EDM coefficients for sports category LD-HS 6/0.75, HD-LS 16/7, 
HD-HS 21/17). ECG abnormalities were most frequent in HD-HS athletes and in male 
subjects.

ConCluSIonS

This study demonstrates balanced cardiac adaptation with preserved ratios of LV/RV 
volume (all sports categories) and LV volume/LV wall mass (LD-HS and HD-LS sports). 
Sports category has a strong impact on cardiac adaptation. HD-HS sports show the 
largest changes, whereas LD-HS sports show dimensions similar to non-athletes.
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Introduction

Increasing requests for cardiac MRI (CMR) investigations in athletes, either for screening 
purposes or to rule out pathology, require a reference framework that includes the main 
determinants of cardiac morphology.1 Numerous studies reporting on physiological 
cardiac adaptation in athletes suggest that the most important factors are body surface 
area (BSA), gender, age, training intensity and type of sport.2-4 

Following the widely-used Mitchell classification, sports can be characterised as being 
high or low in dynamic (endurance, isotonic) and static (strength/resistance, isometric) 
components.5 The low dynamic-high static sports (LD-HS, strength sports) have 
particularly been subject to controversy. For decades selective ventricular wall mass 
increase has been assumed in strength-trained athletes and this hypothesis was sup-
ported by several reports,6-10 while other studies do not observe this phenomenon.11-16 
Moreover, a reference framework should take sports category into account when 
assessing cardiac pathology in athletes as high dynamic-high static sports seem to 
represent the upper limits of physiological cardiac adaptation, greater than that caused 
by other sports categories.3, 7, 8, 17, 18

By investigating cardiac parameters on CMR in a large group of athletes of various 
sports categories, this study aims to assess the influence of sports category, alongside 
other major determinants, on cardiac adaptation, and to provide a reference framework 
for physiological limits subdivided by category of sport and gender.

Methods

sTudy popuLaTion

381 subjects (mean age 25 ±5 years, range 18-39, 61% men) were included: 114 healthy 
non-athletes and 267 healthy elite athletes, competing at national or international level. 
The non-athlete group serves as a baseline reference and exercised for a maximum of 
3 hours per week. Athletes exercised for a mean of 17 ±6.6 hours per week. The four 
quadrants of the Mitchell classification comprise combinations of low dynamic-high 
static (LD-HS), high dynamic-low static (HD-LS) and high dynamic-high static (HD-HS) 
sports categories. The low dynamic-low static sports are assumed to show no cardiac 
adaptation – analogous with the control group – due to low estimated percentage of 
maximal oxygen uptake and muscle contraction.5 Low dynamic-low static sports were 
therefore not included in the present study. Table 1 lists the individual sports and 
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corresponding number of subjects included. Inclusion threshold for elite athletes was 
based mainly on the level of competition and not on a fixed number of training hours, 
since realistic numbers of training hours differ widely between different types of sports.

None of the subjects had evidence of hypertension or cardiovascular, pulmonary 
or metabolic disease as evidenced by medical and family history, blood pressure 
measurement, electrocardiography and the cardiac MRI scan itself. All subjects gave 
written informed consent and the study was approved by the institutional ethics 
committee.

sTudy proTocoL

Cardiac magnetic resonance (CMR) imaging was performed on a 1.5 T MRI scanner 
(Achieva, Philips, Best, The Netherlands) including steady-state free precession (SSFP) 
cine images (2-chamber LV and RV, 4-chamber, short-axis, LV and RV outflow tract) and 

table 1. numbers of subjects per sport and sports category

sports category men women

LD-LS (non-athletes) 56 58

LD-HS 27 15

     weightlifting 7 1

     powerlifting 10 2

     bodybuilding 2 1

     judo 3 11

     other 5 0

HD-LS 93 51

     tennis 18 13

     field hockey 20 18

     football (soccer) 38 13

     long distance running 17 7

HD-HS 57 24

     rowing 24 14

     cycling 17 1

     duathlon/triathlon 13 7

     other 3 2

Total 233 148

LD = low dynamic, HD = high dynamic, LS = low static, HS = high static
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quantitative flow (Q-flow) measurements of all four cardiac valves. The short axis was 
identified using the 2-chamber left and 4-chamber images and included the whole heart 
from ventricular apex up to and including the atria, spanning 14 to 20 slices (10 mm 
without inter-slice gap, 50 frames per cardiac cycle, 256x256 matrix, field of view 350-
400 mm, repetition/echo time 3.2/1.6 ms, in-plane pixel size of 1.4 mm, flip angle 55°, 
breath-held acquisition time of 18 heartbeats).

cmr anaLysis

Blinded observers used an established reliable and reproducible contour tracing 
protocol19 to trace endo- and epicardial contours of both ventricles on a workstation 
(View Forum cardiac package version R5.1V1L2.SP3, Philips, Best, The Netherlands). In 
a previous study this protocol demonstrated maximum interobserver and intraobserver 
disagreement of 8% and 5%, respectively. Furthermore, in a comparison of the Philips 
contour-tracing software to Medis software (QMass 7.1) disagreement between 
observers was at most 5% in 30 test cases, showing good interplatform reproducibility 
(R2 0.99).19 The observers were trained with test cases to achieve the necessary 
expertise before performing analysis for this study. Results were finalised after 
approval of a blinded observer experienced in CMR. End-diastolic (ED) and end-systolic 
(ES) endocardial contours were used to calculate end-diastolic (EDV) and end-systolic 
(ESV) volumes, ejection fractions (EF), stroke volumes (SV) and ED wall mass (EDM). 
LV and RV outflow tracts (LVOT/RVOT) were included in the endocardial borders and 
both papillary muscles and trabeculae were excluded from the endocardial contours 
and therefore included in the blood volume.19 End-diastolic ventricular diameters and 
septal wall thickness were measured on the short-axis images.

ecg anaLysis

ECGs were analysed using an online rating system by two experienced sports 
cardiologists, following recent guidelines on the interpretation of ECGs in athletes and 
recommendations supported by leading experts in the field of sports cardiology.20, 21 
They were aware of gender, age and whether the subject was an athlete, but unaware 
of sports category and number of training hours. ECG’s were classified as showing 
no abnormalities (normal), group 1 abnormalities (i.e. common and training-related 
ECG changes) or group 2 abnormalities (i.e. uncommon and training-unrelated ECG 
changes).20
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sTaTisTicaL anaLysis

Continuous data are presented as the mean value ±standard deviation and 95th 
percentile for quantitative cardiac parameters of both ventricles. Categorical data are 
presented as percentages. CMR volumes and wall mass were indexed to body surface 
area (BSA), with BSA calculated by the Du Bois and Du Bois formula22: BSA (m2) = 0.20247 
x height (m)0.725 x weight (kg)0.425. Differences between groups were assessed using one-
way analysis of variance (ANOVA) tests with post-hoc Bonferroni correction. A two-
tailed p-value of 0.05 was considered to be statistically significant. The simultaneous 
effect of sports category, number of weekly training hours, age and gender on two 
different outcome variables (LV EDV and LV EDM) was assessed using multivariate 
regression analysis. For each outcome variable a model was fitted and covariates were 
either retained or removed by backward selection. A Wald’s p-value threshold of 0.15 
was considered statistically significant and was required for covariates to remain in 
the model as a predictor, as is recommended practice.23 All statistical analyses were 
performed with R version 2.12.1.24

Results

Baseline characteristics of all four groups are presented in table 2. The major differences 
found at baseline are variations in training hours, gender differences and, to a lesser 
extent, age. These variables are included in the multivariate linear regression analysis. 
Note that LD-HS athletes were heavier and therefore had a larger BSA. Septal wall 
thickness (table 3) exceeded 12 mm in 10% of male athletes (1/27 LD-HS athletes, 
17/57 HD-HS athletes), and 11 mm in 3% of female athletes (3/24 HD-HS athletes), 
representing previously reported gender-specific cut-off values for left ventricular 
hypertrophy.25, 26 No-one exceeded 16 mm septal wall thickness or 10 mm wall thickness 
beyond the septal wall.

Table 3 lists the BSA-indexed ventricular volume, wall mass, dimensions and ejection 
fraction for both ventricles as well as the ratio of LV EDV to LV EDM. This LV EDV/
EDM ratio would differ from non-athletes only if there was a selective increase of either 
ventricular volume or wall mass. There are three main findings that emerge from table 
3. First, a clear biventricular trend is revealed of increasing ventricular volume and wall 
mass from non-athletes to LD-HS athletes, HD-LS athletes and HD-HS athletes. Second, 
the increasing biventricular dilatation remains balanced with similar LV EDV/ RV EDV 
ratios in all groups, ranging from 0.90 to 1.01. Third, the ratio of LV EDV to EDM was not 
different between non-athletic controls, LD-HS athletes and HD-LS athletes, whereas 
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this would be smaller in LD-HS athletes if there was selective ventricular wall thickening 
and larger in HD-LS athletes if there was selective ventricular volume increase. Only 
HD-HS athletes showed a smaller LV EDV/EDM ratio (male 1.92/female 2.23) compared 
to the other groups (male 2.18-2.22/female 2.54-2.68), suggesting relatively more 
increase in LV wall mass than LV volume.

To further illustrate these findings BSA-indexed LV EDV and LV EDM were plotted against 
each other in figure 1. The HD-HS group shows the largest increases in LV EDV and 
LV EDM. The LD-HS and HD-LS groups are close to the line representing proportional 
increases of LV EDV and LV EDM, demonstrating a proportional, or balanced, increase 
of ventricular volume and wall mass. This is different from what would be expected 
under the Morganroth hypothesis, where selective ventricular wall thickening in LD-HS 
athletes should have been observed with the LD-HS group deviating from the line of 
proportional increase towards the lower right corner of figure 1. Figure 1 also illustrates 
that the LV EDV/EDM ratio in HD-HS athletes is lower than would be expected if both LV 
EDV and LV EDM would increase proportionally.

Figure 1. BSA-indexed lV edV and lV edM by sports category

Bars represent 95% confidence intervals of the mean, which is represented by the centre of each cross, reference 

line represents proportional increase of left ventricular volume and wall mass (based on non-athletic group), LD = low 

dynamic, HD = high dynamic, LS = low static, HS = high static
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Multivariate linear regression model coefficients are listed in table 4. This analysis 
demonstrates that sports category is a highly significant contributor to changes in LV 
EDV and LV EDM, even when training hours, age and gender are also taken into account 
(p<0.01 for sports categories HD-LS and HD-HS). Age appears not to make a significant 
difference in this model (p=0.41 for LV EDV, p=0.86 for LV EDM). Training hours are 
retained as a relevant explanatory factor in the model, albeit with a coefficient of only 
0.29 for LV EDV and 0.19 for LV EDM. Since this corresponds to the amount of change 
per training hour, weekly training of 10 hours would account for only 2.9 ml/m2 of LV 
EDV increase and 1.9 g/m2 of LV EDM increase. The coefficients for sports categories 
(ranging from 6 to 21.0 for LV EDV and from 0.75 to 17.1 for LV EDM) are considerably 
larger, representing a much greater difference corresponding to sports category than 
to number of training hours. As an illustration, in this model an athlete’s HD-HS status 
would predict an LV EDV increase of 21.0 ml/m2. The corresponding increase of LV EDV 
attributable to the number of training hours is much less, since the model coefficient 
indicates that every additional training hour will lead to an increase of only 0.29 ml/
m2. In our study population an HD-HS athlete would on average exercise for 19 hours 
a week, which corresponds to an LV EDV increase of 5.5 ml/m2 (19 x 0.29). Even with 
much more training hours (40 hours of weekly exercise would still only result in an 
increase of 12 ml/m2) the effect is still smaller than that of sports category (21.0 ml/
m2).

table 4. linear regression model coefficients

covariates outcome variable

LV EDV (ml/m2) LV EDM (g/m2)

coefficient p-value coefficient p-value

sports category LD-HS (yes/no) 6.01 0.04 0.75 0.68

sports category HD-LS (yes/no) 16.2 <0.001 6.7 <0.001

sports category HD-HS (yes/no) 21.0 <0.001 17.1 <0.001

gender (male=0, female=1) -13.3 <0.001 -13.8 <0.001

weekly training hours (per hour) 0.29 0.08 0.19 0.06

age (per year) (-0.12) 0.41 (-0.02) 0.86

LD = low dynamic, HD = high dynamic, LS = low static, HS = high static, LV = left ventricular, EDV = end-dia-stolic 

volume, EDM = end-diastolic mass; model coefficient (beta) is displayed between brackets when it was not part of 

the final model after backward selection 
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ECG parameters for all study groups are listed in table 5. Normal ECGs were only 
found in a minority of our study population (non-athletes/LD-HS/HD-LS/HD-HS com-
bined men and women 33/29/18/10%). Group 1 ECG abnormalities, considered to be 
physiological and benign in athletes, are frequently present both in athletic and non-
athletic men and women (combined men and women per group 66-89%). Group 2 ECG 
abnormalities are more frequent in athletes, and show a trend of increasing prevalence 
from non-athletes (2%) to LD-HS (5%), HD-LS (9%) and HD-HS (14%) in combined 
men and women. Early repolarization (25-46%) and incomplete right bundle branch 

table 5. eCG parameters

men women

NA LD-HS HD-LS HD-HS NA LD-HS HD-LS HD-HS

n 56 27 93 57 58 15 51 24

normal ECG (%) 21 30 12 5 45 27 29 21

group 1 abnormalities (common and training-related)20

sinus bradycardia (%) 50 26 70 81 45 67 65 75

early repolarization (%) 47 44 32 56 10 13 12 21

incomplete RBBB (%) 25 26 41 33 14 27 22 8

LVH (%) 11 15 22 25 3 0 4 8

first degree AV-block (%) 2 4 9 12 2 0 0 0

any group 1 abnormalities (%) 77 67 84 93 55 67 71 79

group 2 abnormalities(uncommon and training-unrelated)20

T-wave abnormalities (%) 0 4 10 14 0 7 8 13

RBBB (%) 2 4 5 4 0 0 0 0

any group 2 abnormalities (%) 2 4 10 14 2 7 8 13

other parameters

corrected QT time (ms) 397 405 390 406 392 403 383 404

ST-elevation (%) 0 4 19 12 0 0 0 4

RA enlargement (%) 2 0 5 0 2 13 6 4

extrasystole (%) 2 0 0 2 0 0 0 8

NA = non-athletes, LD = low dynamic, HD = high dynamic, LS = low static, HS = high static, RBBB = right bundle 

branch block, LVH = left ventricular hypertrophy, RA = right atrial. ECG abnormalities with a prevalence below 5% 

in all groups are not shown in the table. Group 2 ECG abnormalities with a prevalence below 5% in all groups 

include left bundle branch block, ST-segment depression, left atrial enlargement, left heart axis, right heart axis, 

right ventricular hypertrophy, Brugada-pattern, long QT-interval. Other parameters with a prevalence below 5% in all 

groups include second or third degree AV-block and left anterior hemiblock
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block (19-34%) seem to be fairly frequent in all groups. However, a pattern similar to 
ventricular CMR parameters with higher prevalences in HD-athletes can be noticed for 
sinus bradycardia (48-40-68-79%), first degree AV-block (2-2-6-9%), left ventricular 
hypertrophy (7-10-15-20%), T-wave abnormalities (0-5-9-14%) and ST-segment 
elevation (0-2-13-10%). Although the overall prevalences of group 1 and group 2 ECG 
abnormalities were similar between male and female athletes, some ECG abnormalities 
are observed less often in women (male/female athletes: early repolarization 42/14%, 
incomplete right bundle branch block 36/19%, complete right bundle branch block 
5/0%, left ventricular hypertrophy 21/4%, first degree AV-block 9/0%, and ST-segment 
elevation 15/1%). 

discussion

This CMR study provides physiological limits for the main sports categories for clinical 
reference purposes. All sports categories demonstrate a balanced increase of LV and RV 
volume. A balanced increase of ventricular volume and wall mass is also observed in 
LD-HS and HD-LS sports categories, contradicting the hypothesis of separate adaptation 
patterns for LD-HS (‘strength-trained heart’) and HD-LS (‘endurance-trained heart’). 
Moreover, LD-HS sports appear to show remarkably little ventricular change. HD-HS 
athletes (endurance-strength athletes) have the greatest change in volume and mass 
with relatively more increase in LV wall mass than volume.

The non-significant coefficient of LD-HS sports category in the regression models for 
LV EDM suggests that there is little difference between non-athletes and LD-HS athletes 
in ventricular wall mass, confirming earlier studies that report little or no differences 
between sedentary controls and strength athletes.12, 13, 15 The small ventricular changes 
observed in high static athletes are possibly due to the small amounts of dynamic 
exercise that many strength athletes perform as part of their training regime. It is 
unrealistic that the training regime of an elite athlete would consist solely of high static 
exercise. It should be noted that at inclusion a majority of training hours (>75%) was 
required to be in the category to which an athlete was assigned.

There was a clear trend of larger ventricular volumes and wall mass from non-athletes 
to LD-HS, HD-LS and HD-HS athletes. Whereas predominantly HS sports seem to yield 
little cardiac adaptation, larger changes are observed in HD exercise. EDV and EDM of 
HD-HS sports exceed those of HD-LS sports and the LV EDV/EDM ratio is lower in HD-HS 
athletes. This suggests that there may be a synergistic effect of the volume load caused 
by high dynamic exercise and the pressure load associated with high static exercise, 
favouring an increase in ventricular wall mass. The changes in LV EDV, LV EDM and LV/
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RV measures were proportional in LD-HS and HD-LS athletes and differed only in the 
extent of changes rather than their pattern. 

A similar trend of larger changes in HD athletes than in non-athletes and LD-HS athletes 
was observed in several ECG parameters: sinus bradycardia, first degree AV-block, 
left ventricular hypertrophy, first degree AV-block, T-wave abnormalities, ST-segment 
elevation). While bradycardia and first degree AV-block probably reflect increased vagal 
tone, the higher prevalence of the latter three parameters in HD-HS athletes coincides 
with larger LV EDM and septal wall thickness, which exceeded the cut-off for LVH 
nearly exclusively in HD-HS athletes. Although the prevalence of group 1 and group 2 
ECG abnormalities was similar between males and females, some parameters (early 
repolarization, LVH, RBBB, first degree AV block, and ST elevation) were less common 
in females, as indicated in previous literature.27 It remains unclear if the presence of 
group 2 ECG abnormalities, which are considered to be uncommon and not related 
to training,20 represents pathology, since the athletes in our study did not report any 
clinical signs or symptoms and were considered to be healthy, all doing well at their 
respective sports.

conTribuTion of sporTs caTegory, Training hours, age and gender

The observed variation in volume and wall mass is significantly determined by 
sports category, even when the number of training hours is taken into account using 
multivariate linear regression. This suggests that the increase of ventricular wall mass 
and volume will be different for the same number of training hours of another sports 
category. At the same time, the number of training hours is also a statistically significant 
contributor to LV EDM and EDV, although the magnitude of the effect at realistic training 
levels is much smaller than that of sports category. There was no significant influence 
of age on ventricular mass nor on ventricular volume in the multivariate model. As in 
other studies,18, 28, 29 male gender resulted in more pronounced increase of both LV EDV 
and LV EDM, regardless of BSA.

baLanced adapTaTion in aThLeTes

Recent studies, both using echocardiography and CMR, are consistent with our findings 
of proportional increase in LV volume and wall mass in athletes of LD-HS and HD-
LS sports categories. This has been reported separately for football players30 and 
triathletes,31 as well as in a direct comparison of different sports categories, including 
LD-HS (power) athletes.4 However, the latter study also found a similar LV EDV/EDM 
ratio in HD-HS athletes.
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Dissimilar remodelling patterns were suggested in an echocardiographic study 
by Baggish et al. as correlations between LV volume and wall mass were present in 
endurance athletes while absent in strength-trained athletes. Nevertheless, BSA-
indexed LV diameter and wall mass were similar for strength and endurance trained 
athletes.10 

The left-right balance in the cardiac adaptation pattern observed in our study has been 
reported in previous research32 and also by our own group.2 Although absolute RV 
volumes are consistently reported to be larger than those of the LV, La Gerche et al. 
observed larger LV-RV differences on CMR in athletes, suggesting different LV and RV 
remodelling due to a disproportionate load on the RV.33 This difference turned out to 
be more pronounced during exercise, but was also present at rest. In a CMR study of 23 
track runners by Perseghin et al. a disproportionately increased RV EDV was reported 
specifically in sprint runners (n=14), whereas it was not observed in marathon runners 
(n=9).34 While we were not able to demonstrate this difference at rest (see ratio 
measures in table 3), we cannot rule out its existence during exercise. 

The apparent balanced cardiac adaptation in athletes could be used in clinical 
practice to differentiate physiological adaption from pathology, such as hypertrophic 
cardiomyopathy (HCM) by using the LV EDV/EDM ratio35 and arrhythmogenic right 
ventricular cardiomyopathy/dysplasia (ARVC/D) using the LV/RV volume ratio.36

sTudy LimiTaTions

Although the total sample size is relatively large, taking into account multiple 
covariates in regression analysis requires sufficient degrees of freedom. We therefore 
deliberately decided a priori to analyse the data using groups categorized by dynamic 
and static components, yielding sufficiently large group sizes. The numbers of subjects 
per individual sport would not allow for additional sport-specific tests in all sports 
categories. We considered this the best approach to ensure maximum validity and 
generalisability. Multivariate regression analysis makes optimal use of the data available, 
and also facilitates the investigation of gender influence, despite smaller numbers of 
female athletes. This study cannot address ethnic variation as the vast majority (96%) 
of the study population was Caucasian. As greater LV mass and wall thickness have been 
described in black athletes,25, 26, 37 ethnic variation should be further investigated. Both 
the limited ethnic variation and small female sample size in some sports categories 
may require additional testing to improve clinical prediction of the extent of cardiac 
adaptation for any given gender, sports category and number of training hours.
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BSA of strength athletes was considerably different from that of the other groups. We 
used BSA-indexed outcomes and we do not know if the actual body composition would 
influence the observed results. Fat-free mass has been proposed as a more reliable 
body size scalar for cardiac dimensions.38 However, since both LV EDV and LV EDM 
are indexed to the same value (either BSA or any other body composition variable) it 
does not affect the volume to mass ratio and therefore would not alter the findings of 
balanced adaptation.

concLusion

Sports category has a larger effect on cardiac adaptation than training hours, gender 
and age. HD-HS sports show the largest increase in ventricular volume and wall mass, 
whereas LD-HS sports show no significant differences to non-athletes. Balanced cardiac 
adaptation is seen in LD-HS and HD-LS sports, with preserved ratios of LV volume/LV 
wall mass and LV/RV volume. LV/RV volume remains balanced in HD-HS sports, but 
LV wall mass increases relatively more than volume. This study’s results may serve 
as a reference in clinical practice when differentiating physiological adaption from 
pathology.
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  Abstract 

AnABolIC AndRoGenIC SteRoId uSe IS ASSoCIAted wIth VentRICulAR 
dySFunCtIon on CARdIAC MRI In StRenGth-tRAIned AthleteS

BACkGRound

Uncertainty remains about possible cardiac adaptation to resistance training. 
Androgenic anabolic steroids (AAS) use plays a potential role and may have adverse 
cardiovascular effects.

oBjeCtIVe

To elucidate the effect of resistance training and of AAS use on cardiac dimensions and 
function.

PARtICIPAntS

Cardiac magnetic resonance (CMR) was performed in 156 male subjects aged 18-40 
years: 52 non-athletes (maximum of 3 exercise hours/wk), 52 strength-endurance 
(high dynamic-high static, HD-HS) athletes and 52 strength (low dynamic-high static, 
LD-HS) trained athletes (athletes ≥6 exercise hours/week). 28 LD-HS athletes denied, 
24 admitted to using AAS for an average duration of 5 years (range 3 months-20 years). 

ReSultS

No significant differences were found between non-athletes and non-AAS-using LD-
HS athletes. AAS-using LD-HS athletes had significantly larger LV and RV volumes and 
LV wall mass than non-AAS-using LD-HS athletes, but smaller than HD-HS athletes. 
In comparison to all other groups AAS-using LD-HS athletes showed lower ejection 
fractions of both ventricles (LV/RV EF 51/48% versus 55-57/51-52%) and lower E/A 
ratios (LV/RV 1.5/1.2 versus 1.9-2.0/1.4-1.5), an indirect measure of diastolic function.  
Linear regression models demonstrated a significant effect of AAS use on LV EDV, LV 
EDM, systolic function and mitral valve E/A ratio (all ANOVA-tests p<0.05). 

ConCluSIonS

Strength athletes who use AAS show significantly different cardiac dimensions and 
biventricular systolic dysfunction and impaired ventricular inflow as compared to 
non-athletes and non-AAS-using strength athletes. Increased ventricular volume and 
mass did not exceed that of strength-endurance athletes. These findings may help raise 
awareness of the consequences of AAS use. 
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Introduction

Controversy remains over the cardiac adaptations of strength athletes to resistance 
training. The influence of androgenic anabolic steroids (AAS) use on structural cardiac 
adaptation is similarly unclear, but likely to be clinically relevant, as AAS use has been 
reported to have adverse effects on ventricular function1-5 and the cardiovascular system 
in general.6 The prevalence of AAS use is probably underestimated by most physicians, 
and is reckoned to be over 3%.6

As different sports disciplines impose different patterns of hemodynamic strain upon 
the heart, they are likely to result in different patterns and degrees of cardiac adaptation. 
A useful and well-established framework for classifying sports disciplines, based upon 
the degree of dynamic (endurance/isotonic) and static (resistance/isometric) strain 
they exert,7 would classify typical strength training as low dynamic-high static (LD-HS).

LD-HS sports cause an increased afterload due to an elevation of arterial blood pressure 
of up to 480/350 mmHg, while cardiac output remains virtually the same.8 Under these 
conditions an adaptive pattern of concentric hypertrophy with selective ventricular wall 
thickening and without substantial changes in ventricular volume has been postulated 
and is known as the ‘Morganroth hypothesis’.9 Additionally, we assume that the upper 
limits of cardiac adaptation in strength athletes will fall within those of high dynamic-
high static (HD-HS) athletes.9, 10 

Existing studies on LD-HS athletes have come to contradictory conclusions, varying 
between reports of absence of ventricular changes,11-13 moderate changes14-16 and greater 
adaptations that are similar to those observed in HD-HS athletes.17 A complicating 
factor in the assessment of physiological cardiac adaptation in strength athletes is the 
frequent use of  AAS, as AAS use results in generalised muscular hypertrophy. 

objectives

To investigate the effects of strength training on cardiac dimensions and function we 
compared LD-HS athletes with age and sex matched HD-HS athletes and a control 
group of non-athletes. We further hypothesized that AAS use could influence cardiac 
dimensions and function, so two groups of LD-HS athletes who either admitted or 
denied AAS use were compared.
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Methods

Cardiac magnetic resonance (CMR) imaging according to a standardized protocol was 
performed in 156 male subjects aged 18 to 40 years: 52 control subjects (non-athletes) 
exercising a maximum of 3 hours a week, 52 HD-HS athletes (13 cycling, 17 rowing, 19 
duathlon/triathlon, 3 other) and 52 LD-HS athletes (16 bodybuilding, 13 powerlifting, 
7 weightlifting, 5 strongman, 11 other). All athletes trained at least 6 hours per week 
(mean training 11.5 hours/week and mean training history was 7.3 years) and all 
competed at national or international level. 

Of the LD-HS athletes 28 denied and 24 admitted using AAS for an average duration of 
5 years (range 3 months-20 years), starting at least 6 months prior to the MRI scan. No 
non-athletes or HD-HS athletes admitted to using AAS or other similar medication.

Clinical or historical evidence of hypertension or cardiovascular, pulmonary, metabolic 
disease was absent in all subjects. The study was approved by the institutional 
ethics committee and all subjects gave written informed consent. The authors of this 
manuscript have certified that they comply with the Principles of Ethical Publishing in 
the International Journal of Cardiology.

image acquisiTion

CMR imaging was performed on a 1.5 T MRI scanner (Achieva, Philips, Best, The 
Netherlands) including multi-directional steady-state free precession (SSFP) cine 
imaging, and flow measurements of all four cardiac valves. The scan protocol in athletes 
and non-athletes has been described in detail previously.18

image anaLysis

Ventricular endo- and epicardial contours were traced on a workstation (View Forum 
cardiac package version R5.1V1L2.SP3, Philips, Best, The Netherlands) by blinded 
observers using a contour tracing protocol shown to be reliable and reproducible.19 
Results were checked by a blinded observer experienced in CMR before being entered 
in the data file.

End-diastolic (ED) and end-systolic (ES) endocardial contours were used to calculate 
end-diastolic (EDV) and end-systolic (ESV) volumes, stroke volumes (SV), derived 
ejection fractions (EF), and ED wall mass (EDM). The right and left ventricular outflow 
tract (RVOT, LVOT) were included in the endocardial contours, whereas papillary 
muscles and trabeculae were excluded from the endocardial border, thus becoming part 
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of the blood volume.19 End-diastolic ventricular diameters and septal wall thickness 
were measured on the short-axis images. As an indirect measure of diastolic function 
quantitative flow images over the mitral and tricuspid valves were used to calculate 
ratios of the early (E-peak) and late diastolic filling wave (A-peak).20-22

sTaTisTicaL anaLysis

Data are presented as the mean ±standard deviation. CMR volumes and wall mass were 
indexed to body surface area (BSA), with BSA calculated using the Du Bois and Du Bois 
formula23: BSA (m2) = 0.20247 x height (m)0.725 x weight (kg)0.425. Multivariable linear 
regression models were fitted in the 52 LD-HS athletes to quantify a possible relationship 
of AAS use to ventricular changes given the covariates age, hours of weekly training and 
AAS use (yes/no). The sample size limited the number of possible covariates, and these 
covariates were considered to be the most relevant for the outcome variables in this 
study, based on previous research.18, 24 The models were backward stepwise specified 
using the Akaike’s Information Criterion.25

Results

Baseline characteristics of all subject groups are shown in table 1. LD-HS athletes in 
general had a significantly larger weight and BSA. The slightly higher mean age and 
blood pressure in the AAS-using LD-HS athletes were not statistically significant. The 
difference in training hours is accounted for by inclusion as a covariate in the linear 
regression model.

Ventricular volumes, wall mass and ejection fraction, indexed to BSA if relevant, are 
shown in table 2. There was a substantially larger LV and RV end-diastolic volume (EDV) 
and end-diastolic wall mass (EDM) in HD-HS athletes as compared to non-athletes and 
non-using LD-HS athletes. On the one hand, non-AAS-using LD-HS athletes showed no 
differences from non-athletes in ventricular EDV and EDM. On the other hand, LD-HS 
athletes using AAS had larger volumes (LV and RV) and LV wall mass than non-using LD-
HS athletes and non-athletes. Although not significantly, the interventricular septal wall 
thickness (IVS-WT) in AAS-using LD-HS athletes was slightly larger than that of HD-
HS athletes. The IVS-WT of 36% (8 subjects) of AAS-using LD-HS athletes exceeded 12 
mm in comparison to 16% (8 subjects) of HD-HS athletes, and 4% (3 subjects) of non-
using LD-HS athletes and non-athletes combined. One subject (AAS-using HS athlete) 
exceeded 15 mm with an IVS-WT of 15.5 mm.
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Although the ejection fraction of both ventricles was in the same range for HD-HS 
athletes, non-using LD-HS athletes and non-athletes, it was significantly lower in AAS-
using LD-HS athletes. In comparison to the other groups AAS-using LD-HS athletes also 
had smaller E/A ratios of the tricuspid and mitral valves.

The coefficients of covariates remaining in the final linear regression model for LV EDV, 
EDM, EF and mitral valve E/A ratio are shown in table 3. AAS use was a significant 
contributor (p<0.01) to all of these outcome variables. The linear regression coefficients 
quantify the (multivariable) relationship between covariates and outcome measures in 
our study population. 

discussion

Selective ventricular wall thickening in strength (low dynamic-high static) athletes 
is a common perception. This cross-sectional study shows that only LD-HS athletes 
using AAS have a significantly greater wall mass and ventricular volume associated 
with systolic dysfunction and altered ventricular inflow dynamics. Although the larger 
ventricular mass and volume did not exceed that of high static-high dynamic sports, 
the interventricular septal wall thickness wasv slightly larger. Non-using LD-HS athletes 
show no significant differences compared to non-athletes, suggesting that AAS use may 
be the crucial factor in inducing the cardiac changes observed here.

table 1. Baseline characteristics

non-athletes
non-using

LD-HS athletes

AAS-using

LD-HS thletes 

HD-HS 

athletes
p-value

n 52 28 24 52

age (years) 28 ±5.8 27 ±6.5 29 ±4.6 28 ±5.6 NS

height (m) 184 ±7.1 180 ±7.4 183 ±7.8 185 ±7.0 NS

weight (kg) 79 ±9.4 94 ±17 107 ±17 77 ±9.6 <0.01

BSA (m2) 2.02 ±0.14 2.13 ±0.21 2.28 ±0.20 2.00 ±0.15 <0.01

SBP (mmHg) 128 ±11 131 ±13 136 ±12 127 ±10 NS

DBP (mmHg) 76 ±8.9 72 ±9.4 76 ±7.3 73 ±9.2 NS

weekly training (hours) 1.5 ±1.3 11 ±5.6 11 ±4.6 18 ±7.4 <0.01

Data are expressed as mean ±standard deviation, AAS = anabolic androgenic steroids, LD = low dynamic, HD = high 

dynamic, HS = high static, BSA = body surface area, SBP/DBP = systolic/diastolic blood pressure, NS = non-significant 

at significance level of 0.05
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table 2. Quantitative ventricular parameters adjusted for body surface area

non-athletes
non-using

LD-HS athletes

AAS-using

LD-HS athletes 
HD-HS athletes

n 52 28 24 52

LV

   EDV index (ml/m2) 100 ±15 (127) ‡§ 104 ±19 (138) § 113 ±17 (154) †§ 126 ±15 (154) †¶‡

   ESV index (ml/m2) 43 ±9.6 (61) ‡§ 47 ±12 (73) ‡§ 56 ±13 (86) †¶ 55 ±10 (79) †¶

   EDM index (ml/m2) 47 ±8.2 (63) ‡§ 47 ±8.5 (64) ‡§ 59 ±15 (88) †¶ 65 ±12 (89) †¶

   EDD SA (mm) 56 ±3.8 (63) ‡§ 58 ±4.4 (66) ‡ 61 ±3.8 (68) †¶ 60 ±4.1 (67) †

   EF (%) 57 ±5.9 (47) ‡ 55 ±4.7 (44) ‡ 51 ±6.9 (37) †¶§ 56 ±4.8 (45) ‡

   MV E/A ratio 1.9 ±0.45 (1.2) ‡ 1.9 ±0.48 (1.0) ‡ 1.5 ±0.31 (0.9) †¶§ 2.0 ±0.50 (1.3) ‡

RV

   EDV index (ml/m2) 110 ±17 (139) § 110 ±17 (136) § 119 ±19 (164) § 141 ±20 (184) †¶‡

   ESV index (ml/m2) 53 ±11 (72) ‡§ 54 ±9.9 (69) ‡§ 62 ±13 (91) †¶§ 70 ±13 (97) †¶‡

   EDM index (ml/m2) 12 ±2.3 (15) § 12 ±1.9 (15) § 11 ±1.4 (15) § 14 ±2.4 (21) †¶‡

   EDD SA (mm) 45 ±5.9 (56) § 47 ±5.8 (57) 48 ±7.2 (60) 48 ±5.8 (59) †

   EF (%) 52 ±5.0 (43) ‡ 51 ±4.1 (45) ‡ 48 ±5.5 (39) †¶§ 51 ±4.1 (44) ‡

   TV E/A ratio 1.5 ±0.31 (1.0) ‡ 1.4 ±0.30 (1.0) ‡ 1.2 ±0.27 (0.9) †¶§ 1.5 ±0.30 (1.0) ‡

IVS-WT SA (mm) 9.5 ±1.3 (12) ‡§ 9.4 ±1.5 (13) ‡§ 12 ±1.8 (15) †¶ 11 ±1.3 (13) †¶

mean ±standard deviation (95th percentile or 5th percentile where appropriate), EDV = end-diastolic volume, ESV 

= end-systolic volume, EDM = end-diastolic mass, EDD = end-diastolic diameter, SA = short-axis view, EF = ejection 

fraction, IVS-WT = interventricular septal wall thickness, significant differences (p<0.05) from non-athletes (†), non-

using LD-HS athletes (¶), AAS-using LD-HS athletes (‡), HD-HS athletes (§) are indicated

table 3. linear regression model coefficients

covariates outcome variable

LV EDV (ml) LV EDM (g) LV EF (%) MV E/A ratio

AAS use (yes/no) 12.8 11.7 -3.83 -0.25

age (years) -1.34 removed (p=0.40) removed (p=0.88) -0.04

body surface area (m2) removed (p=0.75) removed (p=0.84) removed (p=0.16) removed (p=0.58)

weekly training (hours) removed (p=0.63) removed (p=0.58) removed (p=0.30) removed (p=0.70)

change of cardiac parameter per unit change of covariate, LV = left ventricular, EDV = end-diastolic volume, EDM = 

end-diastolic mass, EF = ejection fraction, MV = mitral valve, model coefficient (beta) given when covariate was in 

final model (all p-values<0.01), otherwise p-value specified at time of removal from model
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earLier findings on Ld-hs aThLeTes

Although several echocardiographic studies supported the Morganroth hypothesis, 
which assumes concentric hypertrophy in LD-HS athletes,2, 15, 26 other studies have 
reported negligible to modest cardiac adaptation in LD-HS athletes,13, 27-29 finding 
significantly larger ventricular wall thicknesses and/or diameters only in sports that 
are high dynamic in nature.15, 30 

The few CMR studies that have examined cardiac dimensions in LD-HS athletes have 
also found little evidence of cardiac adaptation. Wernstedt et al. compared eight LD-HS 
and ten HD athletes with nine untrained subjects using both CMR and echocardiography 
and found no differences between LD-HS athletes and untrained subjects.31 Lalande et 
al. compared nine Olympic weightlifters and ten recreationally active men with CMR 
and reported a relative increase in fat free mass without an increase of LV mass or wall 
thickness.12 Our results in 28 non-using LD-HS athletes support these findings.

Figure 1. Comparison of AAS-using and non-AAS-using strength athletes

Cardiac MRI 4-chamber view (A,C) and short-axis view (B,D) of two strength athletes, one admitting to AAS use (A,B) 

with LV/RV EF of 46/43%, and one denying AAS use (C,D) with LV/RV EF of 56/52%.

A B

C D
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earLier findings on aas use

Although we observed negligible adaptation in non-AAS-using LD-HS athletes, the 
increase in ventricular wall mass in AAS-using LD-HS athletes came close to that of HD-
HS athletes. Earlier echocardiographic studies observed similar findings.4, 32-34

Potentially clinically important findings here include the lower EF as a direct measure 
of systolic function and lower E/A ratios as an indirect measure of diastolic function. 
Although E/A ratios are not an accurate method of measuring, they do indicate altered 
ventricular inflow dynamics. Moreover, E/A ratios, also used by other CMR studies,35, 

36 are part of routine clinical practice in the assessment of diastolic function and the 
observed lower E/A ratios in both ventricles in AAS-using LD-HS athletes can be 
regarded as a possible sign of diastolic dysfunction. Earlier studies have reported 
impaired ventricular function using echocardiography in small samples, typically 
investigating 10-15 strength athletes using AAS.1, 4, 37, 38 Moreover, Lane et al. found 
impaired vascular reactivity5 and Grace et al. proposed increased levels of C-reactive 
protein as an underlying cause of peripheral arterial disease.39 

More ominously still, several possible causes of sudden cardiac death have been 
attributed to AAS in the past, and AAS has been associated with cardiotoxicity,40 
autonomic dysregulation,41 thrombogenic effects of increased haematocrit and 
homocysteine levels,42 and arrhythmogenic factors such as a higher incidence of signal 
averaged ECG abnormalities43 and prolonged QTc intervals.44 Discontinuation of AAS 
use does not seem to fully reverse all of these effects, as illustrated by studies of the 
groups of Baggish et al.1, 45 and Urhausen et al.46 The reported prevalence of AAS use 
generally exceeds 3% in men of various ages, corresponding to many millions and is 
only widespread since the 1980s. Long-term adverse effects are only recently becoming 
apparent,6 reinforcing the relevance of this study’s findings. 

sTudy LimiTaTions

Our cross-sectional study cannot assess longitudinal changes in cardiac parameters 
amongst AAS users. Earlier studies reported persisting effects of AAS even after 
discontinuing AAS use.33, 46 We did not test for AAS by any means other than asking 
participants if they used AAS. This reflects typical daily clinical practice. Whereas it is 
hard to imagine non-users admitting to AAS use, it is possible that AAS users may not 
wish to admit to using AAS and were erroneously placed in the non-using group. This 
would not unduly detract from our findings as it would lead to an underestimation of 
the observed differences. Heavy T2-weighted images or delayed enhancement images, 
not performed in our study, could be included in future research to assess possible 
edema or fibrosis. 
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concLusion

In conclusion, low dynamic-high static (strength) sports yield very little cardiac 
adaptation, not exceeding ventricular volume and wall mass measures of non-athletic 
controls, unless accompanied by AAS use. AAS use is associated with larger ventricular 
volume and wall mass, not exceeding that of HD-HS athletes, together with systolic 
dysfunction and impaired ventricular inflow. The observed ventricular changes in AAS-
using athletes are of great clinical importance, given the widespread and often illicit use 
of AAS.
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  Abstract 

ethnICAl dIFFeRenCeS In VentRICulAR hyPeRtRABeCulAtIon on  
CARdIAC MRI In elIte FootBAll PlAyeRS

BACkGRound

Left ventricular (LV) trabeculation may be more pronounced in black athletes, leading 
to incorrect diagnosis of left ventricular non-compaction cardiomyopathy (LVNC) in 
some cases. This study investigates cardiac MRI (CMR) and ECG differences by ethnicity 
in elite athletes focusing on hypertrabeculation. 

MethodS

38 elite male football players (mean 23.0, range 19-34 years) underwent CMR and ECG: 
28 of Caucasian (white) ethnicity, 10 of African descent (black). Hypertrabeculation 
was measured by the ratio of non-compacted to compacted myocardium (NC/C 
ratio) on long-axis and 16 short-axis segments (apical-mid-basal levels). Three raters 
systematically evaluated the ECGs.  

ReSultS

No significant differences in ventricular volume, wall mass and E/A ratio were found, 
whereas biventricular ejection fraction (EF) was significantly reduced in black athletes 
(white/black athletes LVEF 55/50%, RVEF 51/48%). Average NC/C ratio was greater 
in black athletes but only significantly at mid-ventricular level (white/black athletes: 
apical 0.91/1.00, mid-ventricular 0.89/1.45, basal 0.40/0.46). Fifty percent of black and 
11% of white athletes had a long-axis NC/C ratios >2.3. Linear regression demonstrated 
significant relationships between ethnicity and NC/C ratio (p<0.001) and between 
NC/C ratio and EF (p<0.01), without a significant direct relationship between ethnicity 
and EF (p=0.36). ECG readings demonstrated no significant group differences, and no 
correlation between ECG anomalies and hypertrabeculation. 

ConCluSIonS

A greater degree of myocardial hypertrabeculation is seen in healthy black athletes, 
combined with biventricular EF reduction at rest. Ethnicity is a significant predictor 
of hypertrabeculation, and hypertrabeculation an important determinant of EF. 
Recognition of this phenomenon is necessary to avoid confusion with LVNC.
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Introduction

The hearts of healthy athletes of African (black) descent demonstrate various features 
overlapping with cardiac pathology. Abnormal ECG patterns are observed more often 
than in white athletes, most frequently LV hypertrophy, early repolarization, ST-segment 
elevation and T-wave inversions.1-6 On average, LV mass is greater, and wall thickness 
more often exceeds generally accepted cut-offs for hypertrophy in black athletes.1, 7, 8 
Whilst this normal ethnic variation may cause unjustified diagnosis of cardiomyopathy 
leading to exclusion from sports,9 sudden cardiac death attributed to hypertrophic 
cardiomyopathy is also more frequent in black athletes.10 

Recent studies also indicate that ethnicity may be an important determinant of 
hypertrabeculation or non-compaction, with more pronounced LV trabeculation in 
black individuals.11-13 This may lead to misdiagnosis of left ventricular non-compaction 
cardiomyopathy (LVNC).9 LVNC, characterised by multiple trabeculations and inter-
trabecular recesses, is associated with arrhythmias, sudden cardiac death, heart failure, 
and thromboembolic events.13, 14 In the absence of clear diagnostic criteria, LVNC is 
usually diagnosed by measuring the ratio of non-compacted to compacted myocardium 
with either echocardiography or cardiac magnetic resonance (CMR).15, 16 

As intensive physical training is associated with morphological and functional cardiac 
changes,17-19 the differentiation with cardiac pathology is already challenging.20, 21 Since 
the majority of available data is based on white athletes, imaging investigations in both 
clinical and pre-participation screening settings are more likely to be misinterpreted in 
black athletes.8, 9 

The aim of this study is to investigate the CMR and ECG differences in a group of black 
and white elite football (soccer) players focusing on the presence of hypertrabeculation.

Methods

sTudy popuLaTion

Thirty-eight elite male football players were included (mean 23.0, range 19-34 years): 
28 of Caucasian (white) ethnicity, 10 of sub-Sahara African descent (black). None of 
the subjects had clinical or historical evidence of hypertension or cardiovascular, 
pulmonary or metabolic disease. All subjects gave written informed consent and the 
study was approved by the institutional ethics committee. 
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sTudy proTocoL

Cardiac magnetic resonance (CMR) imaging was performed with a 1.5 T MRI scanner 
(Achieva, Philips, Best, The Netherlands) including steady-state free precession (SSFP) 
cine imaging in various planes, and quantitative flow (Q-flow) measurements of all four 
cardiac valves. The imaging protocol has been described in detail previously.17 A 12-lead 
ECG was performed prior to the CMR in all subjects. A subset of the study population 
had also undergone echocardiography in a clinical screening setting prior to CMR. These 
were used for comparison between the two imaging modalities.

cmr anaLysis

Blinded observers used a contour tracing protocol that has previously been shown to be 
reliable and reproducible22 to trace endo- and epicardial contours of both ventricles on 
a workstation (View Forum cardiac package version R5.1V1L2.SP3, Philips, Best, The 
Netherlands). Results were finalized after approval by a blinded observer experienced 
in CMR.

End-diastolic (ED) and end-systolic (ES) endocardial contours were used to calculate 
end-diastolic (EDV) and end-systolic (ESV) volumes, ejection fraction (EF), stroke 
volume (SV) and ED wall mass. LV and RV outflow tracts (LVOT/RVOT) were included 
in the endocardial borders. Both papillary muscles and trabeculae were excluded from 
the endocardial contours and therefore included in the blood volume.22 End-diastolic 
ventricular diameters and septal wall thickness were measured on short-axis images. 

Q-flow measurements over the mitral and tricuspid valves were used to calculate ratios 
of the early (E-peak) and late (A-peak) diastolic filling velocities. E/A ratios were used 
as an indirect measure of diastolic function.23

assessmenT of hyperTrabecuLaTion

Ratios of non-compacted to compacted myocardium (NC/C ratio) were measured 
in end-diastolic phase on 16 short-axis segments according to the American Heart 
Association recommendation to obtain information on the presence and distribution 
of hypertrabeculation over ventricular segments (figure 1).15, 16 Image slices with 
measurements were cross-checked with the 4-chamber image to ensure accurate 
representation of the apical, mid-ventricular and basal levels. The mid-ventricular 
level was positioned just apical to the papillary muscle insertion to avoid measuring 
the papillary muscle as part of the hypertrabeculation. The short-axis measurements 
were also related to long-axis view measurements, as described by Petersen et al.16 
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NC/C ratio was measured on three long-axis images (2-chamber, 4-chamber and LVOT) 
perpendicular to the compacted myocardium and excluding the apex (segment 17). 
The maximum NC/C ratio of these three long-axis measurements was used for analysis. 
Subsequently, the correlation of maximum NC/C ratio of long-axis and short-axis images 
was calculated.

Hypertrabeculation was assessed on long-axis views of the existing echocardiograms 
by visual consensus (present/absent) between an experienced sports-cardiologist 
and a cardiovascular radiologist. Variations in the imaging planes of available 
echocardiograms did not allow for accurate measurement by segment. To facilitate 
comparison between MRI and echocardiography we chose to measure the NC/C ratio at 
end-diastole (NC/C ratio >2.3) instead of the echocardiographic measurement at end-
systole (NC/C ratio >2.0).24

ecg anaLysis

ECG analysis was performed by three experienced sports cardiologists using a web-based 
programme, according to the Lausanne Criteria for ECG evaluation (as recommended 
by the study group of sports cardiology of the European Society of Cardiology, see table 
3 for specifications).25 Discrepancies were solved by consensus decision.

Figure 1.  
Cardiac segmentation on  
CMR short-axis view 

Short-axis midventricular view illus-

trating borders (dotted lines) of 

AHA segments. The ratios of non-

compacted (trabeculation) and com-

pacted myocardium (myocardial wall) 

were measured in the mid-portion 

of each segment as illustrated in the 

anterolateral segment. At the apical 

level there was only one measurement 

on the lateral and septal aspects.

inferior

anterior

anteroseptal

inferoseptal

inferolateral

anterolateral
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table 1. Baseline characteristics

white black p-value

n 28 10

age (years) 23 ±4.6 23 ±2.8 NS

height (m) 183 ±5.9 179 ±4.8 NS

weight (kg) 78 ±8.3 77 ±6.5 NS

BSA (m2) 2.00 ±0.13 1.95 ±0.10 NS

SBP (mmHg) 125 ±11 128 ±7.0 NS

DBP (mmHg) 67 ±8.5 74 ±5.5 NS

resting heart rate 54 ±9.3 52 ±9.9 NS

training/week (hours) 16 ±4.4 14 ±2.8 NS

mean ±standard deviation, BSA = body surface area, SBP/DBP = systolic/diastolic blood pressure,  

NS = non-significant at 5% significance level and after Bonferroni correction for multiple testing

table 2. Quantitative ventricular parameters adjusted for body surface area

white black p-value

n 28 10

LV

   EDV index (ml/m2) 125 ±17 120 ±11 NS

   ESV index (ml/m2) 57 ±11 61 ±9.6 NS

   EDM index (ml/m2) 55 ±8.2 56 ±6.3 NS

   EDD SA (mm) 61 ±4.5 60 ±4.3 NS

   EF (%) 55 ±5.8 49 ±4.8 0.02

   MV E/A ratio 2.1 ±0.40 2.1 ±0.74 NS

RV

   EDV index (ml/m2) 133 ±19 127 ±15 NS

   ESV index (ml/m2) 65 ±13 67 ±13 NS

   EDM index (ml/m2) 13 ±2.0 13 ±1.7 NS

   EDD SA (mm) 51 ±5.1 47 ±6.9 NS

   EF (%) 51 ±5.2 48 ±4.2 0.05

   TV E/A ratio 1.6 ±0.27 1.6 ±0.49 NS

septal wall SA (mm) 9.1 ±1.0 9.7 ±1.1 NS

mean ±standard deviation, EDV = end-diastolic volume, ESV = end-systolic volume, EDM = end-

diastolic mass, EDD = end-diastolic diameter, SA = short-axis view, EF = ejection fraction, MV/TV = 

mitral/tricuspid valve, NS = non-significant at 5% significance level and after Bonferroni correction 

for multiple testing
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sTaTisTicaL anaLysis

Data are presented as the mean ±standard deviation. CMR volumes and wall mass 
were indexed to body surface area (BSA), with BSA calculated using the Du Bois and 
Du Bois formula26: BSA (m2) = 0.20247 x height (m)0.725 x weight (kg)0.425. Differences 
between groups were assessed using Student’s t-test and adjusted for multiple testing 
using Bonferroni post-hoc correction. All tests were two-sided and a p-value of 0.05 
was considered statistically significant. Linear regression models were generated 
in R (version 2.12.1)27 and backward-stepwise specified using Akaike’s Information 
Criterion (AIC).28

Results

Baseline characteristics of all subjects are presented in table 1. There were no significant 
differences between the groups. Table 2 shows cardiac dimensions and function 
measurements for both ventricles. Ventricular diameters, volumes and wall mass were 
in the same range for all subjects. Although no signs of diastolic dysfunction were found, 
as illustrated indirectly by equal E/A ratios for both atrioventricular valves, resting EF 
was lower in both ventricles in black athletes (white/black athletes LV EF 55/50%, 
RV EF 51/48%). The mean interventricular septal thickness was marginally greater in 
black athletes (white/black athletes 9.1/9.7 mm), with none exceeding 12 mm. 

NC/C ratios (figure 2) exceeded the clinical CMR non-compaction cut-off value of 2.3 
more often in black (short/long-axis measurements 60/50%) than in white athletes 
(short/long-axis measurements 18/11%) in this population of elite football players. 
The percentages of white/black athletes exceeding a NC/C ratio of 2.3 in at least one 
segment (short-axis measurements) by ventricular level were: 4/10% (apical), 11/50% 
(mid-ventricular) and 4/10% (basal). Although the mean NC/C ratio was consistently 
higher in black athletes in almost all segments, differences were most pronounced 
at mid-ventricular level (white/black athletes 0.89/1.45) and small at the apical and 
basal level (white/black athletes: apical 0.91/1.00, basal 0.40/0.46) (see figure 3). 
Linear regression showed that ethnicity was an important determinant of mean mid-
ventricular NC/C ratio and overall mean NC/C ratio (p<0.001). The correlation of 
maximum NC/C ratio between short-axis and long-axis view measurements was very 
good (r=0.86).

Combining the observations of a reduced EF and higher NC/C ratios in black athletes, 
we hypothesized a relationship between ethnicity, hypertrabeculation and EF. To 
investigate the observed ethnic variation in EF, a model was created using mean 
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mid-ventricular NC/C ratio and ethnicity as determinants. The mid-ventricular NC/C 
ratio was preferred over the overall mean NC/C ratio, because only small differences 
were observed at the basal and apical levels. The results demonstrate little influence 
of ethnicity on EF (p=0.36), whilst mean mid-ventricular NC/C ratio was a significant 
predictor of EF (p<0.01). Thus, the observed variation in EF appears to be determined 
by the degree of hypertrabeculation rather than directly by ethnicity. This is illustrated 
in figure 4.

table 3. eCG parameters and consensus ratings

white black

quantitative parameters n = 28 n = 10

heart rate (bpm) 55 ±9.4 53 ±11

PQ-interval (ms) 161 ±21 171 ±31

QRS-duration (ms) 100 ±13 98 ±9.2

QT-interval (ms) 411 ±27 400 ±13

QTca 392 ±27 375 ±37

qualitative parameters % n % n

overall judgment: abnormal ECG? 43 12 40 4

ST-segment elevationb 36 10 40 4

LV hypertrophyc 29 8 50 5

early repolarization 21 6 20 2

first degree AV-block / AV-dissociation 14 4 20 2

T-peak abnormalities 11 3 20 2

RBBBd 7 2 0 0

fractionated QRS-complex 7 2 0 0

heart rhythm 4 1 0 0

LA enlargement 4 1 0 0

other anomalies* 0 0 0 0

mean ±standard deviation, AV = atrio-ventricular, RBBB = right bundle branch block, LA = left atrial, LV = left 

ventricular, a QTc = corrected QT-interval according to Bazett’s formula: QT/√RR, b ST-segment elevation25 = ≥1 mm 

ST-elevation in I/II/II/aVL/aVF/V5/V6 or ≥2 mm in V1/V2/V3/V4 at 0.06-0.08 s from J-point, c LV hypertrophy25 = 

R-wave in aVL ≥ 1.1 mV or sum amplitude of ≥ 3.5 mV in V1 and either V5 or V6, d RBBB = >120 ms, * heart axis 

abnormality (deviating from -30 to 120 degrees range), right atrial enlargement, RV hypertrophy, left bundle branch 

block (>120 ms), left anterior hemiblock, extrasystole, ST-segment depression, Wolff-Parkinson-White syndrome, 

Brugada syndrome, pericarditis, microvoltages, epsilon wave, pre-existing infarction
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Figure 3. Variation in myocardial hypertrabeculation

Short-axis CMR views of an athlete with little trabeculation (ABC), and another athlete with more pronounced 

trabeculation (DEF). Grey line with arrowheads represent non-compacted layer of myocardium, white line with 

arrowheads represent compacted layer of myocardium.

Figure 4. Relationships between ethnicity, hypertrabeculation and lV eF

B = beta coefficient from regression model, se = standard error, ethnicity defined as 0/1 for white/black athletes, 

hypertrabeculation defined as mean mid-ventricular NC/C ratio, LV ejection fraction defined as absolute percentage

B=0.568, se=0.12  
p<0.001

B=4.79, se=2.75 
p=0.09

ethnicity lv ejection fraction

ethnicity lv ejection fraction

hypertrabeculation

B=-2.33, se=2.54 
p=0.36

univariate linear regression

multivariate linear regression

A B C

D E F

apical mid-ventricular basal
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Analysis of ECGs demonstrated no significant relevant differences between the two 
groups (table 3). The most frequently observed anomalies were ST-segment elevation 
(white/black athletes 36/40%), LV hypertrophy (white/black athletes 29/50%), early 
repolarization (white/black athletes 21/20%) and T-peak abnormalities (white/black 
athletes 11/20%). Observed ECG anomalies were not significantly correlated to the 
extent of hypertrabeculation as measured by the mean mid-ventricular NC/C ratio.

Echocardiograms were available for 67% of the subjects (22/28 white, 9/10 black). 
Hypertrabeculation was considered to be present in a larger proportion of black athletes 
(present 56%, n=5) than in white athletes (present 9%, n=2). However, the correlation 
with the quantitative mean mid-ventricular NC/C ratio on CMR was relatively poor 
(r=0.62, p<0.001).

discussion

This study, investigating CMR differences in cardiac morphology and function amongst 
healthy black and white athletes, demonstrates more myocardial hypertrabeculation 
combined with reduced biventricular EF in black athletes. Ethnicity was found to be 
a significant predictor of hypertrabeculation, and hypertrabeculation an important 
determinant of EF. It is important for clinicians to realise that the combination of a 
mildly reduced ejection fraction and hypertrabeculation or non-compaction can be a 
physiological process in these healthy athletes.

Earlier research has highlighted ethnic differences in both ECG findings and cardiac 
morphology. Abnormal ECG patterns are observed much more often in black athletes, 
most frequently LV hypertrophy (LVH), early repolarization, ST-segment elevation and 
T-wave inversions.1-6 Interestingly, one study in American football players reported 
more intraventricular conduction delays in white athletes.4 Morphologically, the most 
frequently reported difference is a greater magnitude of LVH. On average, LV mass is 
greater and wall thickness more frequently exceeds cut-off values for LV hypertrophy in 
black athletes.1, 8, 29 The higher prevalence of LVH in black athletes is clinically relevant, 
since the prevalence of hypertrophic cardiomyopathy (HCM), the leading cause of 
sudden cardiac death in athletes, is higher in Afro-Caribbeans, both in the general 
population and in athletes.10, 30 Moreover, ante-mortem identification of black HCM cases 
is poor, since such individuals constitute 55% of all HCM-related deaths in athletes, but 
only 8% of clinically diagnosed cases.10 Furthermore, uncertainty remains whether 
left ventricular non-compaction is a distinct cardiomyopathy or merely a phenotype 
of different underlying diseases, possibly sharing a common pathogenetic basis with 
HCM.31 
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CMR provides a higher spatial resolution than echocardiography and can detect 
hypertrabeculation better.32 We therefore used a higher NC/C ratio cut-off value for 
CMR from previous research (end-diastolic NC/C ratio of >2.3)16 than the one used with 
echocardiography (end-systolic NC/C ratio of >2.0).24, 33 Although the cut-off value of 
2.3 was established using long-axis CMR measurements, the assessment of all short-
axis segments allows for a better overview of the segmental distribution of hyper-
trabeculation and correlated well with the long-axis method (r=0.86). Furthermore, 
short-axis CMR images are always included in the clinical evaluation of cardiomyopathy, 
and better illustrate the possible misinterpretation of hypertrabeculation in athletes. 

Since the trabecular layer of the developing ventricular walls is known to compact from 
base to apex and from septal to lateral wall,34 less trabeculation will be found at the 
basal level. Petersen et al. observed hypertrabeculation/non-compaction, defined as 
presence of two myocardial layers with different degrees of tissue compaction, in 91, 
78 and 21% of healthy non-athletic and athletic volunteers at apical, mid-ventricular 
and basal levels, respectively.16 This finding, combined with the physiological process of 
apex-to-base compaction, suggests that the apical and basal levels will be less suitable 
for differentiation, since the apex is affected in most cases, whereas the basal level will 
usually be relatively unaffected, especially in borderline cases.

We could only partly corroborate our CMR findings with echocardiographic data. The 
echocardiograms used for this study were performed in a clinical screening setting 
and hypertrabeculation was not one of the diagnostic aims. Retrospective assessment 
of hypertrabeculation in stored echocardiograms is difficult as specific imaging views 
are required for conclusive measurement of the ratio of non-compacted and compacted 
myocardium.

Previously reported ethnic differences on ECG could not be replicated in this study. 
A trend of more frequent LVH and T-wave abnormalities was observed in our group 
of black athletes, but in our relatively small study population this does not result in 
statistically significant ECG differences, which have been demonstrated in much larger 
study populations.1, 3, 4, 35 It should be noted that the ECG anomalies we observed in the 
trained subjects and particularly in black athletes are generally considered physiological 
and benign.36 

The CMR correlations in the present study suggest that black ethnicity is associated 
with a greater degree of hypertrabeculation, which in turn is associated with a reduced 
EF. However, since no direct relationship between ethnicity and EF was demonstrated, 
black ethnicity appears to be a factor that increases the likelihood of hypertrabeculation, 
which in turn may result in a reduction in EF.
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The reduction in resting state EF observed in this study does not result in LV dilation 
or clinical symptoms, as all subjects functioned well at the highest levels of the Dutch 
football league. It remains to be seen if the hypertrabeculation and lower EF could 
eventually lead to LV dilation and further EF reduction with overtraining or in later life.

sTudy LimiTaTions

The small sample size of our black athletes and absence of female athletes and non-
athletic controls makes it difficult to generalise our findings to the general population. 
Therefore our findings need to be validated in larger populations, preferably including 
non-athletic controls, female subjects and possibly patients with established LVNC. 
Although previous research in black athletes is often based on similarly small sample 
sizes, a larger number of subjects would have allowed for analysis of more covariates. 
We chose the current covariates as we considered these to be most relevant and did 
not expect important differences if more covariates had been considered. Moreover, 
additional tests or covariates may have compromised validity, sensitivity and 
generalisability. Nevertheless, the p-values reported are exceedingly small, suggesting 
that the probability of our findings being coincidental (alpha-error) is very small, despite 
the relatively small sample size. The cross-sectional nature of this study without follow-
up precludes any speculation about possible long-term effects of hypertrabeculation. 

concLusion

This study demonstrates a greater degree of myocardial hypertrabeculation in healthy 
black athletes, combined with biventricular EF reduction at rest. Ethnicity is a significant 
predictor of hypertrabeculation, and hypertrabeculation an important determinant 
of EF. Recognition of a mildly reduced ejection fraction with hypertrabeculation as a 
physiological process in these healthy athletes is necessary to avoid confusion with left 
ventricular non-compaction cardiomyopathy.



Cardiac MRI in Athletes

80

4

References

1. Rawlins J, Carre F, Kervio G, Papadakis M, Chandra N, Edwards C, Whyte GP, Sharma S. Ethnic 
differences in physiological cardiac adaptation to intense physical exercise in highly trained 
female athletes. Circulation. 2010;121:1078-1085

2. Crouse SF, Meade T, Hansen BE, Green JS, Martin SE. Electrocardiograms of collegiate football 
athletes. Clin Cardiol. 2009;32:37-42

3. Magalski A, Maron BJ, Main ML, McCoy M, Florez A, Reid KJ, Epps HW, Bates J, Browne JE. 
Relation of race to electrocardiographic patterns in elite American football players. J Am Coll 
Cardiol. 2008;51:2250-2255

4. Choo JK, Abernethy WB, 3rd, Hutter AM, Jr. Electrocardiographic observations in professional 
football players. Am J Cardiol. 2002;90:198-200

5. Xie X, Liu K, Stamler J, Stamler R. Ethnic differences in electrocardiographic left ventricular 
hypertrophy in young and middle-aged employed American men. Am J Cardiol. 1994;73:564-
567

6. Schmied C, Zerguini Y, Junge A, Tscholl P, Pelliccia A, Mayosi BM, Dvorak J. Cardiac findings in 
the precompetition medical assessment of football players participating in the 2009 African 
under-17 championships in Algeria. Br J Sports Med. 2009;43:716-721

7. Lewis JF. Considerations for racial differences in the athlete’s heart. Cardiol Clin. 1992;10:329-
333

8. Basavarajaiah S, Boraita A, Whyte G, Wilson M, Carby L, Shah A, Sharma S. Ethnic differences 
in left ventricular remodeling in highly-trained athletes relevance to differentiating 
physiologic left ventricular hypertrophy from hypertrophic cardiomyopathy. J Am Coll 
Cardiol. 2008;51:2256-2262

9. Stollberger C, Finsterer J. A diagnostic dilemma in non-compaction, resulting in near 
expulsion from the Football World Cup. Eur J Echocardiogr. 2011;12:E8

10. Maron BJ, Carney KP, Lever HM, Lewis JF, Barac I, Casey SA, Sherrid MV. Relationship of race 
to sudden cardiac death in competitive athletes with hypertrophic cardiomyopathy. J Am Coll 
Cardiol. 2003;41:974-980

11. Kohli SK, Pantazis AA, Shah JS, Adeyemi B, Jackson G, McKenna WJ, Sharma S, Elliott PM. 
Diagnosis of left-ventricular non-compaction in patients with left-ventricular systolic 
dysfunction: time for a reappraisal of diagnostic criteria? Eur Heart J. 2008;29:89-95

12. Chandra N, Papadakis M, Duschl J, Foldes D, Bastiaenen R, Raju H, Spath N, Howes R, Sharma 
S. Abstract 17865: Hypertrabeculation of the left ventricular apex in elite athletes: pathology 
versus physiology? Circulation. 2010;122:A17865

13. Sarma RJ, Chana A, Elkayam U. Left ventricular noncompaction. Prog Cardiovasc Dis. 
2010;52:264-273



81

Ethnical differences in ventricular hypertrabeculation on cardiac MRI in elite football players

4

14. Engberding R, Stollberger C, Ong P, Yelbuz TM, Gerecke BJ, Breithardt G. Isolated non-
compaction cardiomyopathy. Dtsch Arztebl Int. 2010;107:206-213

15. Jenni R, Oechslin EN, van der Loo B. Isolated ventricular non-compaction of the myocardium 
in adults. Heart. 2007;93:11-15

16. Petersen SE, Selvanayagam JB, Wiesmann F, Robson MD, Francis JM, Anderson RH, Watkins 
H, Neubauer S. Left ventricular non-compaction: insights from cardiovascular magnetic 
resonance imaging. J Am Coll Cardiol. 2005;46:101-105

17. Prakken NH, Velthuis BK, Teske AJ, Mosterd A, Mali WP, Cramer MJ. Cardiac MRI reference 
values for athletes and nonathletes corrected for body surface area, training hours/week and 
sex. Eur J Cardiovasc Prev Rehabil. 2010;17:198-203

18. Pluim BM, Zwinderman AH, van der Laarse A, van der Wall EE. The athlete’s heart. A meta-
analysis of cardiac structure and function. Circulation. 2000;101:336-344

19. Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The upper limit of physiologic cardiac 
hypertrophy in highly trained elite athletes. N Engl J Med. 1991;324:295-301

20. Rawlins J, Bhan A, Sharma S. Left ventricular hypertrophy in athletes. Eur J Echocardiogr. 
2009;10:350-356

21. Prakken NH, Velthuis BK, Cramer MJ, Mosterd A. Advances in cardiac imaging: the role of 
magnetic resonance imaging and computed tomography in identifying athletes at risk. Br J 
Sports Med. 2009;43:677-684

22. Prakken NH, Velthuis BK, Vonken EJ, Mali WP, Cramer MJ. Cardiac MRI: standardized right 
and left ventricular quantification by briefly coaching inexperienced personnel. The Open 
Magnetic Resonance Journal. 2008;1:104-111

23. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, Waggoner AD, 
Flachskampf FA, Pellikka PA, Evangelisa A. Recommendations for the evaluation of left 
ventricular diastolic function by echocardiography. Eur J Echocardiogr. 2009;10:165-193

24. Fazio G, Novo G, D’Angelo L, Visconti C, Sutera L, Grassedonio E, Galia M, Ferrara F, Midiri M, 
Novo S. Magnetic resonance in isolated noncompaction of the ventricular myocardium. Int J 
Cardiol. 2010;140:367-369

25. Corrado D, Pelliccia A, Heidbuchel H, Sharma S, Link M, Basso C, Biffi A, Buja G, Delise P, 
Gussac I, Anastasakis A, Borjesson M, Bjornstad HH, Carre F, Deligiannis A, Dugmore D, 
Fagard R, Hoogsteen J, Mellwig KP, Panhuyzen-Goedkoop N, Solberg E, Vanhees L, Drezner J, 
Estes NA, 3rd, Iliceto S, Maron BJ, Peidro R, Schwartz PJ, Stein R, Thiene G, Zeppilli P, McKenna 
WJ. Recommendations for interpretation of 12-lead electrocardiogram in the athlete. Eur 
Heart J. 2010;31:243-259

26. Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and 
weight be known. 1916. Nutrition. 1989;5:303-311; discussion 312-303



Cardiac MRI in Athletes

82

4

27. R Development Core Team. R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing; 2011.

28. Akaike H. A new look at the statistical model identification. IEEE Transactions on Automatic 
Control. 1974;AC-19:716-723

29. Maron BJ, Pelliccia A. The heart of trained athletes: cardiac remodeling and the risks of 
sports, including sudden death. Circulation. 2006;114:1633-1644

30. Maron BJ, Gardin JM, Flack JM, Gidding SS, Kurosaki TT, Bild DE. Prevalence of hypertrophic 
cardiomyopathy in a general population of young adults. Echocardiographic analysis of 4111 
subjects in the cardia study. Coronary artery risk development in (young) adults. Circulation. 
1995;92:785-789

31. Oechslin E, Jenni R. Left ventricular non-compaction revisited: a distinct phenotype with 
genetic heterogeneity? Eur Heart J. 2011;32:1446-1456

32. Alhabshan F, Smallhorn JF, Golding F, Musewe N, Freedom RM, Yoo SJ. Extent of myocardial 
non-compaction: comparison between MRI and echocardiographic evaluation. Pediatr 
Radiol. 2005;35:1147-1151

33. Jenni R, Oechslin E, Schneider J, Attenhofer Jost C, Kaufmann PA. Echocardiographic and 
pathoanatomical characteristics of isolated left ventricular non-compaction: a step towards 
classification as a distinct cardiomyopathy. Heart. 2001;86:666-671

34. Sedmera D, Pexieder T, Vuillemin M, Thompson RP, Anderson RH. Developmental patterning 
of the myocardium. Anat Rec. 2000;258:319-337

35. Papadakis M, Carre F, Kervio G, Rawlins J, Panoulas VF, Chandra N, Basavarajaiah S, 
Carby L, Fonseca T, Sharma S. The prevalence, distribution, and clinical outcomes of 
electrocardiographic repolarization patterns in male athletes of African/Afro-Caribbean 
origin. Eur Heart J. 2011;32:2304-2313

36. Zaidi A, Sharma S. The athlete’s heart. Br J Hosp Med (Lond). 2011;72:275-281



83

4



physiology

balanced

left ventricular hypertrophy

cardiomyopathy

proportionate

wall mass
differentiation



physiology

balanced

left ventricular hypertrophy

cardiomyopathy

proportionate

wall mass
differentiation

Chapter 5

Cardiac MRI to distinguish 
hypertrophic cardiomyopathy 
from the athlete’s heart using 
ratio measures

Tim Luijkx

Maarten J. Cramer

Constantinus F.M. Buckens

Rienk Rienks

Arend Mosterd

Niek H.J. Prakken

Barbara Dijkman

Willem P.T.M. Mali

Birgitta K. Velthuis

Submitted



  Abstract 



  Abstract 

CARdIAC MRI to dIStInGuISh hyPeRtRoPhIC CARdIoMyoPAthy FRoM the 
Athlete’S heARt uSInG RAtIo MeASuReS

BACkGRound

Differentiating physiological left ventricular hypertrophy (LVH) in athletes from 
pathological hypertrophic cardiomyopathy (HCM) can be challenging. This study 
assesses the ability of cardiac MRI (CMR) to distinguish between physiological LVH (the 
so-called “athlete’s heart”) and HCM.

MethodS

47 HCM patients (71% male, 4 athletes) and 734 healthy control subjects (60% male, 
554 athletes) underwent CMR. Quantitative ventricular parameters were used for 
multivariate logistic regression with age, gender, heart rate and left ventricular (LV) 
end-diastolic volume (EDV) to wall mass (EDM) ratio as covariates. A second model 
added LV EDV/right ventricular (RV) EDV ratio. Model performance was tested in all 
subjects and borderline-LVH subjects as defined by septal wall thickness (SWT).

ReSultS

LV EDM was greater in HCM patients (72 g/m2) compared to healthy athletes/non-
athletes (53/41 g/m2), while LV EDV was largest in athletes (114 ml/m2) as compared 
to non-athletes (94 ml/m2) and HCM patients (88 ml/m2). The LV EDV/EDM ratio was 
significantly smaller in HCM patients (1.46) than in healthy subjects (non-athletes/
athletes 2.39/2.25). The LV EDV/RV EDV ratio was significantly larger in HCM patients 
(1.10) than in healthy subjects (non-athletes/athletes 0.94/0.93). The regression 
model resulted in high sensitivity and specificity levels, also in the borderline-LVH 
subjects with corresponding areas under the ROC-curve of 0.985 (all subjects) and 
0.960 (borderline-LVH subjects). Adding LV EDV/RV EDV ratio gave no improvement.

ConCluSIonS

A model incorporating LV EDV/EDM ratio can help distinguish HCM from physiological 
hypertrophy in athletes, also in cases with borderline-LVH that are most difficult to 
differentiate in clinical practice.
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Introduction

Cardiac MRI (CMR) is increasingly used in athletes to rule out cardiac disease, often 
following inconclusive pre-participation screening. However, distinguishing pathological 
hypertrophic cardiomyopathy (HCM) from left ventricular hypertrophy (LVH) resulting 
from physiological cardiac adaptation to physical training is not straightforward since 
the characteristics of both overlap. Left ventricular hypertrophy is observed in many 
athletes, but is also considered a typical finding of hypertrophic cardiomyopathy (HCM), 
a leading cause of sudden cardiac death (SCD) in the young and particularly in young 
athletes.1 

It is important to determine the cause of an observed ventricular hypertrophy to 
prevent SCD or unjustified exclusion from sports. Uncertainty especially remains 
when borderline-LVH is observed with septal wall thicknesses (SWT) between 12-
16 mm in men or 11-16 mm in women.2, 3 Several factors that can help to distinguish 
HCM from physiological cardiac adaptation have been described, including 
information on demographics (gender, ethnicity), family history, gene mutations and 
electrocardiographic (ECG) changes.4-7 Imaging features suggestive of HCM that have 
been reported include a non-increased or decreased LV diameter, enlarged left atrium 
and asymmetric hypertrophy. 

While much previous research is based on echocardiography, CMR combines high 
spatial and temporal resolution and allows for a complete LV reconstruction with 
excellent visualization of the whole heart.4 The cardiac apex, the lateral left ventricular 
wall and hypertrophy distribution are sometimes poorly visible on echocardiography, 
possibly leading to underestimation of LV wall thickness.8

In this study we use CMR to compare quantitative CMR parameters in healthy athletes to 
a group of HCM patients, including some athletes with pathological hypertrophy. Ratio 
measures of ventricular volumes and wall mass are investigated in particular since they 
represent the relatively balanced nature of cardiac adaptation, and may therefore be of 
possible use in distinguishing pathological from physiological cardiac changes.

Methods

Cardiac magnetic resonance (CMR) imaging according to a standardized protocol was 
performed on 47 HCM patients (71% male), 554 healthy athletes (63% male) and 180 
healthy non-athletic controls (49% male). HCM diagnosis was based on a combination 
of clinical history, genetic testing and a hypertrophic left ventricle on echocardiographic 
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and CMR imaging (interventricular septal wall thickness (SWT) >11 in females or >12 
mm in males) in the absence of any secondary causes capable of producing a similarly 
large ventricular wall thickening, such as hypertension or aortic valve stenosis. The 
presence of late gadolinium-contrast enhancement (LGE) was considered indicative of 
pathological hypertrophy.

The healthy athletic and non-athletic subjects were recruited in a non-clinical setting, 
whereas the HCM patients were all recruited from clinical practice. Exclusion criteria for 
all groups were hypertension (systolic blood pressure >140 mmHg) and for the healthy 
subjects also any other cardiovascular, pulmonary or metabolic disease as evidenced by 
medical and family history, electrocardiography and the CMR scan. Athletes exercised 
for a minimum of 6 hours per week and non-athletic controls for a maximum of 3 hours 
per week. 

In order to analyse a subgroup of the population that would most likely cause doubts 
in clinical practice, a borderline-LVH group was also defined as having a SWT below 16 
mm and over 11 mm in females and over 12 mm in males. Sixteen mm is reported to 
represent the upper limit of physiological hypertrophy in athletes and in accordance 
with previous studies the 11 mm and 12 mm cut-offs are used to define LVH in females 
and males, respectively.2, 3, 9, 10 Additional characteristics were assessed for these 
borderline-LVH subjects, including fulfilment of LV diameter cut-offs, hypertrophy 
pattern and ECG parameters.

image acquisiTion

All CMR images were obtained on a 1.5 T MRI scanner (Achieva, Philips, Best, The 
Netherlands). Imaging parameters have been described in detail previously.11 In 
short, the imaging protocol included steady-state free precession (SSFP) cine images 
in 4-chamber, 2-chamber, LV outflow tract and full coverage of both ventricles in the 
short-axis and quantitative flow measurement (Q-flow) over all four cardiac valves. 
LGE-imaging was only performed in clinical patients and not in healthy subjects.

image anaLysis

Endo- and epicardial contours of both ventricles were traced by blinded observers 
using semi-automated software (View Forum cardiac package version R5.1V1L2.SP3, 
Philips, Best, The Netherlands) and an established reliable and reproducible contour 
tracing protocol.12 A blinded observer with experience in CMR checked the tracings 
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before finalizing the results.

End-diastolic (ED) and end-systolic (ES) endocardial contours were used to calculate 
end-diastolic and end-systolic volumes (EDV/ESV), derived ejection fraction (EF), 
and stroke volume (SV) of both ventricles. ED ventricular wall mass (EDM) of both 
ventricles was calculated using the epicardial and endocardial contours in end-diastole. 
The LV and RV outflow tract, the papillary muscles and trabeculae were considered part 
of the endocardial blood volume.13 End-diastolic ventricular diameter and SWT were 
measured on the short-axis SSFP cine images.

sTaTisTicaL anaLysis

All analyses were carried out using R statistical environment version 2.13.114 using 
the ‘rms’ (regression modelling strategies) package version 3.3.15 Continuous data 
are presented as the mean ±standard deviation unless otherwise stated. Differences 
between groups were assessed by analysis of variance (ANOVA) tests and a two-sided 
p-value below 0.05 was considered statistically significant. CMR data were indexed to 
body surface area (BSA), calculated using the Du Bois and Du Bois formula16: BSA (m2) 
= 0.20247 x height (m)0.725 x weight (kg)0.425. Missing values were imputed using the 
R multiple regression imputation package ‘mice’ (multiple imputation chain equation) 
version 2.8 by the use of mixed-chain monte carlo sampling.17 

Multivariate logistic regression analysis was performed using HCM diagnosis as the 
outcome and the ratio of LV EDV to LV EDM as a discriminator, along with age, gender 
and other variables that had turned out to be different between groups. The contribution 
of each variable was assessed using a p-value threshold of 0.15, as is recommended 
practice.15 To correct for overoptimism and optimize internal calibration the model was 
bootstrapped (1000 resamplings) and both the coefficients and intercept were adjusted 
accordingly.

The performance of the model was checked by calculating the area under the 
corresponding receiver operator characteristic (ROC) curve (AUC), both in the complete 
study population and in the borderline-LVH subgroup. The ROC-curve visualizes 
combinations of sensitivity and specificity at all possible cut-off points. To relate these 
results to clinical practice, the absolute numbers of false negatives and false positives 
were determined at different levels of sensitivity. The same analysis was performed 
with the addition of the ratio of LV EDV and RV EDV, to assess if this could improve the 
diagnostic performance.
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table 1. Baseline characteristics

HCM patients healthy non-athletes healthy athletes

n 47 180 554

gender (% male) 71% 49% 63%

age (years) 46 ±14 §,‡ 34 ±12 †,‡ 29 ±11 †,§

height (m) 178 ±11 177 ±10 ‡ 180 ±8.7 §

weight (kg) 80 ±22 § 72 ±12 † 74 ±13

BSA (m2) 1.96 ±0.28 1.89 ±0.20 1.93 ±0.19

SBP (mmHg) 124 ±14 128 ±16 127 ±14

DBP (mmHg) 75 ±13 76 ±10 ‡ 73 ±9.3 §

resting heart rate 69 ±17 ‡ 65 ±10 ‡ 59 ±10 †,§

mean ±standard deviation, BSA = body surface area, SBP/DBP = systolic/diastolic blood pressure, NS = non-significant 

at 5% significance level and after Bonferroni correction for multiple testing, † p<0.05 vs. HCM patients, § p<0.05 

vs. healthy non-athletes, ‡ p<0.05 vs. healthy athletes

table 2. Quantitative CMR parameters

HCM patients healthy non-athletes healthy athletes

n 47 180 554

LV EF (%) 58 ±8.7 59 ±6.2 ‡ 56 ±5.1 §

LV SV (ml/m2) 54 ±9.5 ‡ 55 ±8.6 ‡ 63 ±10 †,§

LV EDV (ml/m2) 88 ±14 ‡ 94 ±13 ‡ 114 ±17 †,§

LV ESV (ml/m2) 34 ±9.0 ‡ 39 ±8.9 ‡ 50 ±11 †,§

LV EDM (g/m2) 72 ±23 §,‡ 41 ±9.6 †,‡ 53 ±13 †,§

RV EF (%) 58 ±7.7 §,‡ 54 ±5.9 †,‡ 52 ±5.0 †,§

RV SV (ml/m2) 49 ±9.9 §,‡ 55 ±8.7 †,‡ 63 ±10 †,§

RV EDV (ml/m2) 81 ±17 §,‡ 101 ±16 †,‡ 123 ±21 †,§

RV ESV (ml/m2) 32 ±8.9 §,‡ 47 ±11 †,‡ 60 ±14 †,§

septal wall thickness (mm) 21 ± 4.5 §,‡ 8.7 ±1.4 †,‡ 9.6 ±1.6 †,§

ratio LV EDV/EDM 1.30 ±0.33 §,‡ 2.39 ±0.51†,‡ 2.25 ±0.43 †,§

ratio LV EDV/RV EDV 1.10 ±0.21 §,‡ 0.94 ±0.09 †,‡ 0.93 ±0.07 †,§

mean ±standard deviation, LV = left ventricular, RV = right ventricular, EF = ejection fraction, SV = stroke volume, EDV 

= end-diastolic volume, ESV = end-systolic volume, EDM = end-diastolic mass, † p<0.05 vs. HCM patients, § p<0.05 

vs. healthy non-athletes, ‡ p<0.05 vs. healthy athletes
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Results

The baseline characteristics are presented in table 1, showing variations in age and 
resting heart rate. Quantitative ventricular parameters are listed in table 2. Although 
healthy athletes have significantly greater LV wall mass than healthy non-athletes, the 
LV EDM is significantly greater in HCM patients (p<0.001). In contrast, ventricular 
volumes (EDV and ESV) in healthy athletes are larger than in HCM patients. The ratio 
of LV EDV to LV EDM is significantly lower in HCM patients compared to healthy non-
athletic controls and athletes. Although the LV EDV is often reduced in HCM patients, 
the difference in ratio of ventricular volumes (LV EDV/RV EDV) between HCM patients 
and healthy subjects is less pronounced.

Multivariate logistic regression analyses yielded the following formula for predicting 
the risk of HCM diagnosis:

probability of HCM = 1/(1 + e-z), where z = 2.83 – 6.87 x LV EDV/EDM ratio + 0.089 x age in years 

+ 1.47 x gender (female=1) + 0.05 x heart rate

All coefficients in this model were statistically significant (p<0.05). From the model the 
probability of being diagnosed with HCM can be calculated by entering an individual 
patient’s details into the model. A positive variable coefficient corresponds to an 
increased probability of HCM diagnosis (i.e. with increasing age, heart rate or female 
gender), whereas negative coefficients represent a decreased probability (i.e. with 
increasing LV EDV/EDM ratio). As the model is multivariate, the effect of a difference in 
LV EDV/EDM ratio can best be illustrated by entering two hypothetical subjects of the 
same gender, age and heart rate with different LV EDV/EDM ratios. Two 35-year-old 
men with a heart rate of 60 beats/minute, and LV EDV/EDM ratios of 1.70 and 2.00, 
would have predicted risks of 6.1% and 0.8%, respectively. Depending on the selected 
cut-off predicted risk, this would either rule out HCM or warrant further testing in these 
individuals. 

By plotting all possible cut-off values for the predicted risk in an ROC-curve, the area 
under the ROC-curve (AUC) was computed at 0.985, indicating that the model can very 
accurately discriminate between HCM subjects and non-HCM subjects (figure 1). This 
was also the case in the subgroup of 48 subjects with borderline-LVH (AUC 0.960). 

The absolute numbers of incorrectly classified subjects are given for different levels 
of sensitivity and specificity in table 3. Each row in this table corresponds to a cut-
off for the predicted risk (which is the outcome of the model), representing a trade-
off between high sensitivity and high specificity. A low cut-off for predicted risk will 
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guarantee the identification of all HCM cases, but will also result in more false positives 
(lower specificity). Conversely, a higher cut-off for predicted risk prevents false 
positives (higher specificity), but will cause HCM cases to be missed (lower sensitivity). 
In our example, this would mean that HCM would be ruled out for the individual with 
a predicted risk of 6.1% when using the cut-off value of 9.5% (with 92% sensitivity 
and 94% specificity), but would exceed the cut-off of 1.6% (with 100% sensitivity and 
82% specificity), requiring further testing when this strictest cut-off value is used. 
Depending on the user’s preferences, a number of false positives may be considered 
acceptable if this results in perfect sensitivity or a cut-off may be selected that achieves 

Figure 1. RoC-curves of logistic regression model (including lV edV/edM, age, gender and heart rate) 

                     all subjects (n=781), AUC=0.985                     borderline-LVH subjects (n=48), AUC=0.960

table 3. Model performance at different sensitivity levels

all subjects borderline-LVH*

n = 47 HCM / 734 healthy n = 9 HCM / 39 healthy

cut-off risk sens (FN) spec (FP) cut-off risk sens (FN) spec (FP)

1.6% 100% (0) 82% (131) 9.5% 100% (0) 82% (7)

9.5% 92% (4) 94% (45) 17.3% 89% (1) 92% (3)

17.3% 89% (5) 97% (22) 17.4% 78% (2) 92% (3)

33.6% 81% (9) 98% (13) 27.8% 67% (3) 95% (2)

* defined as septal wall thickness less than 16 mm and more than 11 or 12 mm, in women and men respectively, 

LVH = left ventricular hypertrophy, cut-off risk = model cut-off point for predicted risk of HCM diagnosis,  

spec = specificity, sens = sensitivity, FN = absolute number of false negatives, FP = absolute number of false positives
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reasonably high levels of both sensitivity and specificity. The desired level of sensitivity 
or specificity should be selected beforehand, to facilitate an easy implementation in 
everyday clinical practice.

Although the LV EDV/RV EDV ratio was significantly different between HCM patients 
and healthy subjects, a model that also incorporates the ratio of LV EDV/RV EDV did not 
result in improved sensitivity and specificity.

To give more insight into the characteristics of those with borderline-LVH, several 
parameters for HCM and athletic subjects are listed in table 4, including asymmetric 
patterns of hypertrophy and LV diameter values indicative of either HCM or physiological 
adaptation to exercise as presented by Maron et al.6 No healthy non-athletes were 
included in the borderline-LVH group as none of them had a SWT over 11 or 12 mm. 
ECG data of HCM patients with borderline-LVH demonstrated more frequent T-wave 
abnormalities and voltage criteria for LVH in HCM patients (100/56%) as compared 
to the healthy subjects with borderline-LVH (15/15%). However, neither these ECG 
characteristics nor other characteristics listed in table 4 were able to improve the 
number of false positives and false negatives as compared to the performance of the 
model presented.

table 4. Borderline-lVh subjects characteristics

athletes (n=39) HCM patients (n=9)

septal wall thickness 12.7 (11-15) 13.9 (12-16)

LV EDV (ml/m2) 121 (77-149) 98 (66-133)

LV EDM (g/m2) 70 (44-105) 64 (35-102)

RV EDV (ml/m2) 136 (87-190) 92 (54-143)

ratio of LV EDV/EDM 1.78 (1.12-2.53) 1.58 (1.24-2.06)

ratio of LV EDV/RV EDV 0.89 (0.74-1.10) 1.10 (0.89-1.46)

LV diameter (mm) 58.7 (50-66) 52.4 (42-59)

LV diameter >55 mm (suggestive of athlete’s heart) 87% (34/39) 44% (4/9)

LV diameter <45 mm (suggestive of HCM) 0% (0/39) 11% (1/9)

RV diameter (mm) 51.7 (39.0-64.5) 47.4 (36-63)

asymmetric hypertrophy pattern 0% (0/39) 67% (6/9)

T-wave abnormalities on ECG 15% (6/39) 100% (9/9)

QRS voltage criteria for LVH on ECG 15% (6/39) 56% (5/9)

Data are presented as “mean (range)” or “percentage (absolute numbers)”



Cardiac MRI in Athletes

96

5

discussion

This CMR study demonstrates that the LV EDV/ LV EDM ratio, combined with a few 
basic characteristics (age, gender, heart rate), accurately distinguishes physiological 
(as seen in athletes) from pathological cardiac adaptation (HCM). The discriminatory 
ability of the LV EDV/EDM ratio illustrates that physiological cardiac changes in athletes 
are relatively balanced, as previously reported.11, 18-20 Ventricular volume and wall mass 
increase proportionally in athletes, with similar LV EDV/EDM ratios and LV EDV/RV 
EDV ratios in athletes and non-athletic controls, whilst HCM patients typically develop 
a selective increase in ventricular wall mass resulting in a lower LV EDV/EDM ratio. 

The LV EDV/EDM ratio has also been called ‘LV remodelling index’ by De Castro et al. as 
the significantly decreased LV EDV/EDM ratio in HCM is indicative of disproportionate 
LV remodelling.21 They showed that this index, representing the ratio of LV EDM to 
LV EDV, can distinguish between athletes and HCM patients on three-dimensional 
echocardiography. Moreover, Petersen et al. reported results similar to our study using 
cardiac MRI in a smaller population of athletes (n=25) and HCM patients (n=35).22

Not all HCM patients have a substantial LV EDM increase, leading to diagnostic 
uncertainty in those with borderline-LVH: 10% of patients in a large study by Maron 
et al. showed hypertrophy in only 1 or 2 segments,8 and in a CMR study of 264 HCM 
patients by Olivotto et al. LV wall mass was within the 95th percentile of normal subjects 
in 20% of patients.23 The model we developed also performed well in the subgroup 
of borderline-LVH subjects, with a large AUC (0.960) and corresponding high levels of 
sensitivity and specificity. The ratio measure model would help to exclude HCM in 82-
92% of such ambiguous patients, while still achieving 78 to 100% sensitivity, depending 
on the predetermined cut-off predicted risk. 

Our model appeared to perform well in the borderline-LVH group. As the model already 
achieves a very large AUC, any parameter enhancing this model further would have 
to possess a very high discriminating ability, which none of the parameters in table 4 
comes close to. Also, the numbers in these groups were too small for statistical analyses. 

It is preferable to achieve optimal differentiation of physiology and pathology with as 
little variables as possible. It is inconvenient for everyday clinical practice to include 
variables that are not part of the routine clinical imaging protocol. Although left atrial 
dilatation is associated with HCM, it is also a feature of athlete’s heart, as previously 
stated by Maron et al.6 This is why atrial volumes or diameters were not suitable as a 
differentiating parameter and were subsequently not incorporated in our model.  

There was no particular ECG characteristic in the borderline-LVH group that would 
further distinguish HCM patients from healthy subjects. Although T-wave abnormalities 
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were omnipresent in HCM patients, they were also present in a number of healthy 
subjects (6/37). Whilst a study amongst black athletes suggested that T-wave inversions 
in the lateral leads would be more suggestive of pathology,7 no specific leads seemed to 
be involved in either HCM patients or healthy subjects in our study.

LGE has been considered as a sign of pathological hypertrophy and is observed in HCM 
patients,24, 25 most commonly in segments with the greatest magnitude of ventricular 
wall thickening.26, 27 In the four athletic HCM patients included in our study LGE was 
present, but not in every HCM patient (all HCM patients/HCM patients with borderline-
LVH 90/78%). As LGE-imaging was not performed in our healthy subjects, we cannot be 
sure if LGE would have improved the differentiating ability of our model.

sTudy LimiTaTions

CMR parameters of possible importance in identifying HCM in athletes that were not 
investigated in this study include LGE, strain on tagged MRI28 and the morphology of 
papillary muscles and mitral valve.4 In our study the use of a gadolinium-constrast 
medium in healthy athletes was considered unethical. It was therefore not part of the 
CMR protocol and we could not assess its use as a distinguishing diagnostic tool. 

Our study included only four athletes with HCM, reflecting a wider paucity of CMR data 
in athletes with clinically manifest cardiac pathology. Earlier studies of ratio measures 
also lack athletes with HCM.21, 22 Nevertheless, as these four athletic HCM patients had 
predicted HCM diagnosis risks of 12%, 47%, 59%, and 92%, chances are high that they 
would be correctly classified as probable HCM. Our study population consisted almost 
exclusively of Caucasians and the findings may therefore not be readily translated to a 
black population.

The regression model was not developed in a clinical setting where CMR usually 
follows other investigations such as medical and family history, electrocardiography 
and echocardiography, the combination of which may already filter out the most 
obvious HCM cases. This said, our CMR based model also performed well in those with 
borderline-LVH (subjects with an SWT of 12-16 mm), in whom diagnostic uncertainty 
is greatest.

concLusion

A CMR-based model incorporating the LV EDV/EDM ratio, representing relatively 
balanced increases in ventricular volume and wall mass in physiological cardiac 
adaptation, can generally distinguish physiological (“athlete’s heart”) from pathological 
cardiac adaptation. The model also performs well in subjects with borderline-LVH, who 
represent the difficult cases in daily clinical practice.
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  Abstract 



  Abstract 

IMPACt oF ReVISed tASk FoRCe CRIteRIA: dIStInGuIShInG the Athlete’S 
heARt FRoM ARVC/d uSInG CARdIAC MAGnetIC ReSonAnCe IMAGInG

BACkGRound

Cardiac magnetic resonance (CMR) evaluation of athletes for ARVC/D is complicated 
by overlapping features such as right ventricular (RV) volume increase. The revised 
ARVC/D diagnostic Task Force Criteria (TFC) incorporate cut-off values for RV ejection 
fraction (EF) and RV end-diastolic volume (EDV) on CMR.

deSIGn

To distinguish ARVC/D patients from athletes we compared CMR ventricular volumes, 
function, TFC cut-off values, and LV/RV ratios since athletes show proportionate, and 
ARVC/D patients disproportionate changes in LV and RV.

MethodS

Quantitative CMR parameters of 33 ARVC/D patients (64% male, mean age 45.4, 
diagnosed by revised TFC), 66 healthy athletes and 66 healthy non-athletes (sex- and 
age-matched) were compared using revised TFC and new cut-off values representing 
LV/RV balance.

ReSultS

Absolute values for ARVC/D patients/athletes/non-athletes were in males: RV EDV 
149/133/106ml/m2, ratio EDV LV/RV 0.70/0.91/0.93, RV EF 34/52/54%, LV EF 
48/57/58%, ratio EF LV/RV 1.49/1.10/1.09, and in females: RV EDV 115/115/91ml/
m2, ratio EDV LV/RV 0.86/0.94/0.97, RV EF 43/54/58%, LV EF 52/57/61%, ratio EF 
LV/RV 1.23/1.08/1.04 (p-values<0.05). Areas under the ROC-curve are 0.68 (RV EDV 
index), 0.84 (LV/RV EDV ratio) and 0.93 (RV EF), demonstrating significantly (p<0.001) 
better performance of RV EF and LV/RV EDV ratio.

ConCluSIonS

If a wall motion abnormality is present (observed in 30 ARVC/D patients and none of 
the healthy subjects), RV EF can help distinguish ARVC/D from physiological cardiac 
adaptation in athletes on CMR whereas RV EDV index cannot. A good alternative in 
athletes is the LV/RV EDV ratio, representing normal proportionate adaptation of both 
ventricles.
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Introduction

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVC/D) is a myocardial 
disease histologically characterized by replacement of myocardium with fibrous and 
fatty tissue, resulting in right ventricular (RV) dilatation and dysfunction, and ventricular 
arrhythmias. Although the estimated prevalence of ARVC/D is only 1:1000 to 1:5000,1 
it is an important cause of sudden cardiac death (SCD) in young people and athletes.2,3 
Physical training has been reported to increase the risk of SCD.4,5 Importantly, sudden 
cardiac death can be the first manifestation of ARVC/D, often occurring at an early age 
and often triggered by physical exertion. The increase in screening investigations has 
led to frequent requests for exclusion of ARVC/D on cardiac MRI (CMR). Overlapping 
features such as RV dilatation require careful assessment to distinguish ARVC/D from 
physiological cardiac adaptation (athlete’s heart). 

For clinical diagnosis of ARVC/D the Task Force Criteria (TFC) are used which combine 
family history, electrophysiological, morphological, functional, and histological criteria 
in six groups.6 Although highly specific, these original TFC lack sensitivity for early 
disease.7 These criteria have been modified to improve sensitivity, while maintaining 
specificity, and to incorporate advances in genetic screening as well as quantitative 
imaging criteria.8 A definite ARVC/D diagnosis requires a minimum of 4 TFC points from 
different categories with major criteria yielding 2 points and minor criteria 1 point, 
fulfilled with either 2 major, 1 major and 2 minor or 4 minor criteria. CMR can fulfil 1 
major or 1 minor criterion in the imaging category ‘global or regional dysfunction and 
structural alterations’. The revised TFC for CMR require a combination of a wall motion 
abnormality (regional RV akinesia/dyskinesia or dyssynchronous RV contraction) and 
fulfilment of one additional quantitative cardiac parameter: either an increased body 
surface area (BSA) indexed RV end-diastolic volume (RV EDV minor/major criteria: 
≥100/≥110 ml/m2 in males or ≥90/≥100 ml/m2  in females) or a decreased RV ejection 
fraction (RV EF minor/major criteria: >40% to ≤45%/≤40%).8

Physiological cardiac adaptation in athletes shows a proportionate (balanced) dilatation 
of both ventricles.9 LV/RV ratio measures could be useful differentiating parameters, 
because a disproportionate ventricular dilatation is expected in ARVC/D patients, as 
histologically the RV is usually affected more extensively than the left ventricle (LV).10,11 
We compared cardiac ventricular dimensions, volumes and function of 33 ARVC/D 
patients with age- and sex-matched athletes and non-athletes and evaluated revised 
TFC and ratio measure cut-off values representing the balance of LV and RV changes.
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Methods

sTudy popuLaTion

Thirty-three patients (64% male, average age males/females 49.6/38.1) diagnosed 
with ARVC/D according to the revised TFC (≥4 points)8 were included in this study.  For 
comparison they were matched for sex and age to 66 healthy athletes (minimum of self-
reported 9 hours/week sport) and 66 healthy non-athletes (maximum of 3 hours/week 
sport) from a large cohort.12, 13 All athletes performed high dynamic-high static sports 
according to the Mitchell classification,14 including 46 duathletes/triathletes, 12 rowers, 
and 8 cyclists. Cardiac pathology was ruled out in the healthy study groups, using the 
cardiac MRI scan, an electrocardiogram, blood pressure measurement, family history, 
presence of disease and medication. The study was approved by the Institutional Ethics 
Committee and all subjects gave prior informed consent. 

image acquisiTion

CMR imaging was performed on a 1.5 T MRI scanner (Achieva, Philips, Best, The 
Netherlands). ARVC/D patients underwent a standardized ARVC/D CMR imaging 
protocol including axial T1-weighted spin-echo imaging, multi-directional steady-
state free precession (SSFP) cine imaging, and late gadolinium-contrast enhancement 
imaging. The scan protocol in athletes and non-athletes has been described in detail 
previously.12 All cines were viewed for wall motion abnormalities in all subjects. 

image anaLysis

Analyses of the short-axis cine images were performed on a workstation with semi-
automated contour tracing software (View Forum cardiac package version R5.1V1L2.
SP3, Philips, Best, The Netherlands). Blinded observers traced endocardial and 
epicardial contours of both ventricles, using an established reliable and reproducible 
contour tracing protocol.15

In accordance with other CMR studies and the revised TFC (16 and personal commu-
nication with H. Tandri) RV and LV contours were traced including the RVOT and LVOT 
whereas papillary muscles and trabeculae were excluded from the endocardial border 
and included in the endocardial blood volume.15 End-diastolic ventricular diameters 
were also measured on the short-axis images in a standardized way.12
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sTaTisTics

Missing values (<5% for all variables) were imputed with single regression techniques 
using all other available information of the patients.17-19 BSA-indexed CMR data using 
the Du Bois and Du Bois formula20 are presented as mean ±standard deviation.

Groups were compared using analysis of variance (ANOVA) with Bonferroni correction. 
Proportions of positive judgments per cut-off value (i.e. percentage meeting criterion at 
hand) of all groups were compared by Fisher’s exact test and the outcome was corrected 
for the number of tests. 

Optimal cut-off values for ratio measures to assess their performance were derived from 
receiver-operator characteristic (ROC) curves coordinates by seeking the best trade-
off between highest possible corresponding sensitivities and specificities. Areas under 
the ROC-curves were compared pairwise to identify a difference in identifying ARVC/D 
cases correctly. A two-sided p-value smaller than 0.05 was considered significant. All 
statistical analyses were performed using SPSS version 15.0.

Results

Baseline characteristics of all subjects are shown in table 1. The 33 ARVC/D patients 
met the revised TFC (mean 6.7 TFC points, median 7, range 4-10) in the following 
categories: dysfunction and structural alterations in 4/26 minor/major, repolarization 
abnormalities in 5/18, depolarization/conduction abnormalities in 7/13, arrhythmias 
in 16/13 and a positive family history in 1/24 patients (23 with pathogenic gene 
mutation). 

table 1. Baseline characteristics

healthy non-athletes healthy athletes ARVC/D patients

sex (n) M (42) F (24) M (42) F (24) M (21) F (12)

age (years) 44.3 ±8.0 38.2 ±13 48.6 ±8.8 38.1 ±14 49.6 ±15 38.1 ±17

height (m) 185.0 ±8.3 170.3 ±6.1 180.9 ±7.9 174.9 ±6.2 * 179.8 ±7.3 173.0 ±6.6

weight (kg) 84.1 ±12 64.8 ±7.3 77.2 ±8.6 * 65.0 ±6.8 78.1 ±11 69.9 ±17

BSA (m2) 2.08 ±0.17 1.75 ±0.11 1.97 ±0.14 * 1.79 ±0.12 1.96 ±0.15 * 1.75 ±0.18

mean ±standard deviation, BSA = body surface area, p-values for significant differences between non-athletes and either 

athletes or ARVC/D patients are marked: * p<0.05; no significant differences between athletes and ARVC/D patients
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RV wall motion abnormalities on CMR were observed in 30 (91%) ARVC/D patients and 
in none of the healthy athletes and non-athletes. Only two healthy athletes had bulging 
of the apical RV free wall related to the insertion of the moderator band which was 
considered to be normal variation by an experienced radiologist and cardiologist. Both 
patients also met a major second imaging criterion (RV EDV index>110ml/m2) but no 
further TFC criteria for ARVC/D.

Ventricular volumes, wall mass and diameters indexed to BSA and ejection fractions 
are shown in table 2. ARVC/D patients’ RV EDV (mean male/female = 149/115 ml/
m2) was similar to athletes (mean male/female = 133/115, p<0.05 for males) and for 
both groups RV EDV was significantly larger than healthy non-athletes (male/female 
non-athletes = 106/91 ml/m2, p<0.01). Conversely, in ARVC/D patients the LV EDV was 

table 3. Percentages meeting cut-off values of revised tFC variables and ratio measures

healthy non-athletes healthy athletes ARVC/D patients

sex (n) M (42) F (24) M (42) F (24) M (21) F (12)

revised TFC

RV EF <45% (%) 10 0 7 4 86* 58*

RV EF <40% (%) 0 0 0 0 67* 33*

RV EDV index >90 ml/m2 (%) 54 100 82

RV EDV index >100 ml/m2 (%) 62* 13* 93 88 90 55

RV EDV index >110 ml/m2 (%) 50* 86 90

meeting minor criterion TFC (%) 62* 54 93 100 90 82

meeting major criterion TFC (%) 50* 13 86 88 90 55

ratio measures

ratio EF LV/RV >1.20 (%) 12 8 12 4 81* 50*

ratio EF LV/RV >1.25 (%) 7 0 2 4 67* 41*

ratio EDV LV/RV <0.85 (%) 14 13 12 4 86* 42

ratio EDV LV/RV <0.80 (%) 5 0 5 0 71* 33*

ratio ESV LV/RV <0.70 (%) 17 13 17 4 76* 42

ratio ESV LV/RV <0.65 (%) 12 8 7 0 57* 25

meeting altered minor criterion (%)1 12 8 12 4 86* 58*

meeting altered major criterion (%)1 7 0 2 4 67* 41*

Percentages indicate proportion of group meeting the specified criterion in the first column

* significantly different (p<0.05) from all other groups
1 ‘altered minor/major criterion’ represents a combination of RV EF and ratio LV/RV EDV, which is overall the best 

performing combination of variables
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table 4. Performance comparison of revised tFC cut-off values and new variable cut-off values

revised TFC cut-off values

RV EDV major TFC RV EDV minor TFC

ARVC/D+ ARVC/D- ARVC/D+ ARVC/D-

test positive 25 81 PPV 24% test positive 28 102 PPV 22%

test negative 5 51 NPV 91% test negative 5 30 NPV 86%

sens/spec 83% 39% sens/spec 85% 23%

new variable cut-off values

EDV ratio <0.80 EDV ratio <0.85

ARVC/D+ ARVC/D- ARVC/D+ ARVC/D-

test positive 19 4 PPV 83% test positive 23 15 PPV 61%

test negative 14 128 NPV 90% test negative 10 117 NPV 92%

sens/spec 58% 97% sens/spec 70% 87%

sens = sensitivity, spec = specificity, PPV = positive predictive value, NPV = negative predictive value

Figure 1. RoC curves visualizing correct identification of ARVC/d cases

* area under the ROC-curve significantly different from all other curves
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similar to healthy non-athletes (mean 101 vs. 98 ml/m2 in males and 97 vs. 88 ml/m2 
in females), whereas athletes had significantly larger LV EDV than both other groups 
(mean male/female = 120/108 ml/m2, p<0.01). In ARVC/D patients the reduced EF 
was more pronounced in the RV and both LV and RV EF were lower (mean LV/RV EF 
48/34% in males; 52/43% in females) than in healthy athletes (LV/RV EF  57/52% in 
males; 57/54% in females) and non-athletes  (LV/RV EF 58/54% in males; 61/58% in 
females). 

Table 3 shows the percentage of subjects per group meeting a cut-off value. Only 8/2% 
of healthy male/female subjects met the minor criterion for RV EF and none met the 
major criterion, whereas 86/67% of male and 58/33% of female ARVC/D patients met 
the minor or major criterion, respectively (p<0.01), illustrating that RV EF is a useful 
criterion. However, the minor/major RV EDV index criterion was met in 93/86% of 
male and 100/88% of female healthy athletes, and even 62/50% of male and 54/13% 
of female healthy non-athletes, compared to 90/90% of male and 82/55% of female 
ARVC/D patients. In search of a measure that may possibly better distinguish ARVC/D 
patients from athletes we computed LV/RV ratios derived from EF, EDV and ESV (table 
2). Corresponding results of two cut-off values derived from the ROC-curves for each 
ratio measure are presented in table 3. Additionally, 2-way tables show the performance 
of the most relevant variables (table 4).

The LV/RV EF ratio does not perform better than the absolute RV EF (area under the 
ROC-curve (AUC) RV EF 0.93, EF ratio 0.84, p=0.06). Conversely, the LV/RV EDV ratio 
performed significantly better than the BSA-indexed RV EDV values (AUC EDV ratio 
0.84, RV EDV 0.68, p<0.01), resulting in high numbers of ARVC/D patients and low 
numbers of athletes and non-athletes exceeding the cut-off value (ARVC/D/athletes/
non-athletes = minor: males 86/12/14%; females 42/4/13%, major: males 71/5/5%; 
females 33/0/0%). Whereas the EDV ratio yielded much better results than the RV 
EDV index, there was no difference between ESV ratio and RV ESV index (p=0.89). Both 
ESV measures performed similar to EDV ratio (AUC ESV ratio 0.81/RV ESV index 0.82, 
p=0.06/0.66 compared to AUC EDV ratio 0.84).

Table 4 shows that positive and negative predictive value (PPV/NPV) are both very 
high for EDV ratio, whereas RV EDV index shows a much lower PPV. Figure 1 shows 
ROC-curves of combinations of ratio measures and BSA-indexed absolute measures. 
These curves show a significant improvement for EDV ratio, ESV ratio and RV ESV index 
compared to RV EDV index, whereas EF ratio is similar, but not better than absolute RV 
EF. The best combination of measures is RV EF and EDV ratio (AUC 0.93/0.84).
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discussion

Our data show that the revised TFC work well in distinguishing ARVC/D from physiolo-
gical cardiac adaptation in athletes since no true wall motion abnormalities were 
observed. For the additional quantitative imaging criterion RV EF is suitable, whereas 
RV EDV index is not. More athletes fulfil the RV EDV index criterion than ARVC/D 
patients. As an alternative volume criterion, LV/RV EDV ratio measures discriminate 
better between the balanced ventricular adaptation in healthy athletes and disbalanced 
dilatation in ARVC/D patients.

Although ARVC/D is rare, CMR is frequently requested to help rule out possible 
ARVC/D. However, CMR is also an important source of misdiagnosis.21,22 Finding an RV 
wall motion abnormality is a prerequisite for fulfilling the revised Task Force Criteria 
for ARVC/D, but this assessment is not always unequivocal.21,23 Bulging related to the 
insertion site of the moderator band is also found in healthy persons,22 as seen in 
two of the healthy athletes in this study. While true wall motion abnormalities were 
absent in all of our healthy subjects, incorrect interpretation of possible wall motion 
abnormalities would nearly always lead to incorrect fulfilment of the CMR criteria of 
the revised TFC. Although imaging alone is never conclusive for ARVC/D diagnosis, it is 
an important step towards a possible false positive diagnosis leading to a negative sport 
advice in healthy athletes.

Important LV involvement is not uncommon in progressive ARVC/D disease, but the 
RV dilatation of ARVC/D patients is usually disproportionate compared to the left 
ventricle.16,24 Our study confirms this ventricular disbalance with lower LV/RV EDV 
ratios in ARVC/D patients as compared to healthy athletes and non-athletes. Smaller 
LV/RV EDV ratios in ARVC/D patients in comparison to athletes and healthy controls 
have also been found in an echocardiographic study by Bauce et al.24 Moreover, ratio 
measures can be calculated without knowing length and weight, which are required for 
BSA indexation of RV EDV. 

The North American arrhythmogenic right ventricular dysplasia study group concludes 
that quantitative CMR evaluation of the RV using cut-off values for several variables 
mostly results in a high specificity (83-95%), but not always in an equally high sensitivity 
for ARVC/D diagnosis. Only RV EF resulted in a high sensitivity (85%), whereas other 
variables, such as RV EDV, had a sensitivity around 50%.16 In a large study by Marcus et 
al. on the diagnostic performance of various testing modalities for diagnosing ARVC/D 
the added benefit of CMR was very small (reduction of chi-square score from 61.44 to 
61.24 after removal of CMR from a predictive model including 7 variables) and most 
often led to disparities between referring centres and core laboratory.25 They did not 
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evaluate the usefulness of CMR in diagnosing ARVC/D in athletes.

Myocardial fatty infiltration, end-diastolic RV diameters, RV free wall thinning and late 
gadolinium-contrast enhancement (LGE) of myocardial fibrosis of the RV wall are not 
considered in this study. Although often seen in ARVC/D patients, they are not part of 
both the original and the revised TFC and can lead to misdiagnosis.26-28 Fatty infiltration 
is also seen in healthy individuals and increases with age and body weight.8 End-
diastolic RV diameter performs worse than quantitative EF and end-diastolic volumes 
to identify ARVC/D and shows a large overlap with athletes.13,16 Although LGE correlates 
well with the presence of ARVC/D27,29 and is performed in all patients suspected of 
ARVC/D, it was considered unethical to administer a gadolinium-contrast agent to 
healthy volunteers. LGE imaging not only facilitates ARVC/D diagnosis, but it also helps 
to provide information for a differential diagnosis (e.g. sarcoidosis, myocarditis).

Several CMR studies have reported on physiological cardiac adaptation, including 
recent work from our own study group.12,13 However, few studies have focused on the 
diagnostic imaging difficulties of ruling out ARVC/D in athletes. Bauce et al.24 only 
present echocardiographic data on differentiating physiological cardiac adaptation 
from ARVC/D. The difficulties of differentiating ARVC/D and RVOT ventricular 
tachycardia (RVOT-VT) in elite athletes are illustrated by a case report of an elite athlete 
with idiopathic RVOT-VT.23 La Gerche et al.30 investigated 47 athletes with complex 
ventricular arrhythmias of RV morphology, excluding idiopathic RVOT-VT. Although 
51% fulfilled definite ARVC/D criteria, the prevalence of pathological gene mutations 
was lower (12%) than in familial ARVC/D (27-52%). This supports the existence of an 
(intense endurance) exercise-induced ARVC-like syndrome, which is also associated 
with fatal arrhythmias. 

sTudy LimiTaTions

No athletes with ARVC/D or ventricular arrhythmias were included in this study, 
complicating assessment of specificity, NPV and PPV for athletes specifically. As a 
substitute we plotted ROC-curves using all subjects in this study. Because ARVC/D is 
an infrequent disease and competitive sport is discouraged in ARVC/D patients, it is 
virtually impossible to include highly trained ARVC/D patients and therefore these are 
the best obtainable estimates to assess the usefulness of the proposed measurements 
in athletes. A higher number of women might have reinforced the significant findings in 
men, although the same trends are observed in women. We did not investigate criteria 
from other TFC categories, which may also play a role in the misdiagnosis of athletes 
with ARVC/D.
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concLusions

Our study shows that the revised TFC quantitative CMR cut-off values work well in 
healthy athletes as the required wall motion abnormality is not observed. If an RV wall 
motion abnormality is present, RV EF is a suitable parameter to distinguish ARVC/D 
patients from athletes whereas RV EDV index is not. Using RV EDV index could result 
in false ARVC/D diagnoses in athletes. As an alternative we suggest using the ratio of 
LV/RV EDV in athletes, which best represents the balance of physiological ventricular 
changes.
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General discussion

Cardiac MRI (CMR) has become an established imaging modality for assessing the 
physiological nature of cardiac anatomy and function in athletes. Sudden cardiac 
death (SCD) in athletes has led to various forms of pre-participation screening. 
Although still debated,1-3 this does result in increased numbers of requests for CMR if 
suspicion of cardiomyopathy arises, such as hypertrophic cardiomyopathy (HCM) and 
arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D). Radiologists 
and cardiologists require information on physiological adaptation to exercise training 
to be able to properly distinguish it from cardiomyopathies and other pathology.

Previous work from the Cardiac MRI in Athletes Study has provided important knowledge 
to facilitate clinicians. A first essential step was describing a standardized contour 
tracing protocol to achieve accurate and reproducible quantitative measurement of 
right and left ventricular volume, wall mass and function.4 Most importantly, a large 
cohort of healthy athletes and non-athletic control subjects was accumulated, which 
resulted in CMR reference values and upper limits of physiological cardiac adaptation.5 
A head-to-head comparison with echocardiography was made in a subgroup, showing 
good correlation but also systematically smaller ventricular wall thickness and mass 
and larger ventricular dimensions and volumes when using CMR.6 Furthermore, 
the changes in atrial anatomy and valvular function were shown to be balanced and 
unimpaired in athletes7 and age was shown to be of little influence on cardiac anatomy 
in itself, apart from a possible effect through decreased hourly training intensity.8 In this 
thesis the cohort is extended with athletes from other sports categories, allowing for 
the investigation of important determinants of cardiac adaptation.

Athletes practising sports from other categories were included to assess the influence 
of the type of sport on cardiac anatomy. Prompted by conflicting earlier research on this 
topic, the existence of different patterns of cardiac adaptation was also investigated. 
According to the Morganroth hypothesis strength training (high static exercise) would 
favour an increase of ventricular wall mass, whereas endurance training (high dynamic 
exercise) would mainly result in increased ventricular volume. The comparison of 
athletes from different sports categories as well as non-athletic controls was presented 
in chapter 2. The LD-HS (strength) athletes appeared to have ventricular volumes and 
wall masses that are very similar to that of non-athletic controls and as far as these 
parameters are increased, the ventricular wall mass was certainly not disproportionately 
large. Other studies have also reported little or no differences between sedentary 
control subjects and strength-trained athletes.9-11 Left (LV) and right ventricular (RV) 
volume were increased to the same extent in all sports categories. Low dynamic-high 
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static exercise (LD-HS, strength training) and high dynamic-low static exercise (HD-LS, 
endurance training) were associated with similar ratios of ventricular volume to wall 
mass as compared to non-athletic controls, whereas high dynamic-high static exercise 
(HD-HS, combined strength-endurance training) appeared to have a slightly larger 
increase of ventricular wall mass. 

The influence of sports category proved to be a significant determinant of ventricular 
volume and wall mass, even when corrected for the number of training hours. The effect 
was largest for HD-HS sports and small for LD-HS sports. Nevertheless, multivariate 
linear regression showed that training hours and gender were also significant 
determinants. Although this study cohort consisted of subjects aged 18-40 years only, 
the non-significant effect of increasing age as described previously by our study group,8 
was also observed in this analysis. 

Other recent studies in either one sports category12, 13 or comparing different sports 
categories, including LD-HS athletes,14 have shown proportional increases of ventricular 
volume and wall mass. Another study concluded that there were dissimilar ventricular 
remodelling patterns as ventricular volume and mass were correlated in endurance 
athletes, but uncorrelated in strength athletes. However, body surface area-indexed LV 
diameter and wall mass were similar in both groups.15

The findings of a preserved ratio of left and right ventricular volume was also reported 
in previous research.16 While RV volumes are consistently reported to be larger than 
LV volumes, both in our study and by others, La Gerche et al. observed larger LV-RV 
differences in athletes, suggesting alternate LV and RV remodelling patterns, possibly 
due to a disproportionate load on the RV.17 A similar finding of disproportionately 
increased RV was reported by Perseghin et al. in a CMR study of sprint runners, although 
it was not observed in marathon runners.18 These RV discrepancies between different 
studies could possibly be explained by differences in volume quantification protocols, 
but may also suggest that the RV adapts differently with increasing load. 

Our study shows a preserved ratio of right-left ventricular parameters in all sports 
categories and preserved volume-to-mass ratios in LD-HS and HD-LS sports, with a 
slightly larger increase of ventricular wall mass in HD-HS sports. Relatively balanced 
adaptation may consequently be a suitable indicator of physiological cardiac changes. 
Also, as LD-HS sports seem to result in little or no cardiac changes, alternative upper 
limits may be appropriate for other sports categories than HD-HS sports.

Elaborating on the controversy of selective ventricular wall mass increase in LD-HS 
athletes, the possible influence of anabolic androgenic steroids (AAS) was investigated 
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in chapter 3. AAS use is probably underestimated in clinical practice and relevant to 
cardiologists and sports physicians due to its reported effects on the cardiovascular 
system in general and negative effect on ventricular function in particular.19-21 A group 
of LD-HS athletes admitting to AAS use was compared to LD-HS athletes denying AAS 
use, non-athletic controls and HD-HS athletes. Ventricular volumes and wall mass of 
AAS users were significantly larger than that of control subjects and non-AAS-using LD-
HS athletes, but not larger than that of HD-HS athletes. Non-AAS-using LD-HS athletes 
were most similar to non-athletic controls. Furthermore, only the AAS-using group had 
a significantly lower ejection fraction and smaller E/A ratio for both atrioventricular 
valves, suggesting biventricular impaired systolic and diastolic function. Multivariate 
regression showed that AAS use (yes/no) was an important determinant of LV volume, 
wall mass, ejection fraction and mitral valve E/A ratio, irrespective of age, body surface 
area or weekly training hours.

While echocardiographic studies have been conflicting on the presence20, 22, 23 or 
absence24-27 of ventricular changes in LD-HS athletes, the scarce CMR data on this sports 
category has yielded similar findings of negligible changes in LD-HS athletes.9, 10 In 
studies that specifically investigated AAS-using LD-HS athletes ventricular wall mass 
has been reported to come close to that of HD-HS athletes.28, 29 

Whereas AAS use may explain previous findings of ventricular volume and wall mass 
changes in LD-HS athletes, the apparent ventricular dysfunction is clinically of most 
relevance, as it could increase the risk of heart failure and even sudden cardiac death.30 
Furthermore, discontinuation of AAS use seems unable to fully reverse adverse cardiac 
effects.31, 32

Although the E/A ratio is only an indirect measure of diastolic function, it has also been 
used by other CMR studies33, 34 and is part of routine clinical CMR practice. Moreover, 
several other studies have observed impaired diastolic21, 29, 35, 36 and systolic21, 35, 36 
ventricular function in AAS-using LD-HS athletes on echocardiography. 

We relied on the honesty of participants regarding their AAS use and did not investigate 
dosage or duration of AAS use. It is very hard to adequately compare different forms 
and dosages of AAS as the type, dosage and duration vary with cycles of AAS use. 
Similarly, in an everyday clinical context the physician would also rely on patients’ 
honesty regarding AAS use and would not normally test for it. Furthermore, the simple 
dichotomic presence or absence of AAS use proves to be adequate to reliably predict 
differences in the investigated parameters (LV volume, wall mass, ejection fraction and 
mitral valve E/A ratio) and misclassification of AAS-using LD-HS athletes in the non-
using group would only have caused an underestimation of the results.
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AAS use is a clinically relevant factor in the work-up of LD-HS athletes, as it is associated 
with larger ventricular volumes and wall mass and impaired biventricular systolic and 
diastolic function.

While the association of African (black) ethnicity and ventricular hypertrophy 
and electrocardiographic anomalies has been established,37-40 the prevalence of 
hypertrabeculation in black athletes has received little attention to date. Resembling 
left ventricular non-compaction cardiomyomapthy (LVNC), which is associated with 
arrhythmias, heart failure, thromboembolic events and even SCD,41, 42 it is important 
to be aware of possible physiological ethnic variation in hypertrabeculation to prevent 
unjustified exclusion from sports.43

In chapter 4 a group of black elite football players was compared to Caucasian (white) 
football players from the same team. Hypertrabeculation, as measured by the ratio of 
non-compacted to compacted myocardium (NC/C ratio) at 16 different ventricular 
segments, proved to be consistently more pronounced in black athletes than in white 
athletes. Moreover, ejection fraction was significantly lower for both ventricles in black 
athletes. Multivariate regression analysis showed that ejection fraction was not directly 
related to ethnicity, but to the degree of hypertrabeculation. In turn, ethnicity appeared 
to be a significant determinant of hypertrabeculation. Analysis of electrocardiograms 
proved unable to replicate known differences between black and white athletes, 
probably because of the small sample size. 

Although the clinical CMR cut-off NC/C ratio of 2.3 for LVNC44 was exceeded in at 
least one segment by several athletes (short-axis/long-axis measurements: 60/50% 
of black athletes, 18/11% of white athletes), all subjects were asymptomatic and 
playing at the highest level of the Dutch football league. We therefore assume that the 
observed hypertrabeculation is physiological and benign and does not represent LVNC. 
Recognition of this phenomenon is of importance to clinical practice to avoid confusion 
with LVNC, and other recent studies on hypertrabeculation have suggested that criteria 
for LVNC may be too sensitive in black individuals.45, 46

The findings of preserved left-right ratios in all athletes and preserved volume-to-mass 
ratios in LD-HS and HD-LS sports as compared to non-athletic controls prompted us 
to investigate the feasibility of these ratio measures to discriminate pathology from 
physiological cardiac adaptation to exercise. Hypertrophic cardiomyopathy (HCM), an 
important cause of SCD in athletes, is characterized by an increase of ventricular wall 
mass in the absence of ventricular dilatation. As both ventricular volume and mass 
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are increased in athletes, the ability of LV EDV/EDM ratio to correctly classify subjects 
as HCM is evaluated in chapter 5. Athletes had larger ventricular volumes than HCM 
patients and healthy non-athletic controls had smaller wall mass than HCM patients. 
Subsequently, the ratio of LV EDV/EDM and also the ratio of LV EDV/RV EDV proved to 
be significantly different in healthy subjects as compared to HCM patients. 

A multivariate logistic regression model, that included age, gender, heart rate and LV 
EDV/EDM ratio achieved high levels of sensitivity and specificity. Two similar studies 
investigating volume-to-mass ratio, one using CMR and one using 3-dimensional 
echocardiography, also came to this conclusion in smaller populations.47, 48 The ratio of 
LV EDV/RV EDV did not improve the numbers of false positives in our study population 
when added to the multivariate model. A limitation of our study and previous studies is 
the low number of athletes with HCM, which reduces the generalisability of the study 
results. We included four athletes with HCM, but this number is insufficient to ascertain 
if the ratio measure model is equally effective as in the overall study population. As the 
upper physiological limit of septal wall thickness in athletes is 16 mm,25, 49 and clinical 
septal wall thickness cut-off values for left ventricular hypertrophy are 11 mm in females 
and 12 mm in males, it is most relevant to differentiate HCM from physiological cardiac 
adaptation in cases with septal wall thickness between these values. We therefore 
evaluated the performance of our ratio measure model in this group specifically. 
Differentiation of physiology from pathology also worked well in this borderline-LVH 
group.

Based on a predominant increase of ventricular wall mass in HCM patients and mostly 
proportionate changes of ventricular wall mass and volume in athletes, a model 
incorporating the LV EDV/EDM ratio can therefore be helpful in distinguishing HCM 
from physiological cardiac adaptation to exercise, also in borderline-LVH cases.

Another major cause of SCD is arrhythmogenic ventricular cardiomyopathy/dysplasia 
(ARVC/D). As this cardiomyopathy is typically associated with a predominant dilatation 
of the right ventricle, the ratio of LV EDV to RV EDV is likely different in ARVC/D patients 
as compared to healthy individuals. Furthermore, with the publication of revised 
diagnostic criteria for ARVC/D in 2010, absolute CMR cut-off values for RV volume 
and ejection fraction have been included that may cause athletes to incorrectly meet 
the RV end diastolic volume CMR criterion.50 To evaluate the use of ratio measures in 
distinguishing ARVC/D from physiological cardiac adaptation to exercise we applied the 
revised ARVC/D criteria and additional ratio-based cut-offs to ARVC/D patients, healthy 
athletes and healthy non-athletic control subjects in chapter 6. 
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Importantly, none of the healthy subjects displayed a wall motion abnormality, a 
prerequisite to meet the CMR criterion for ARVC/D. However, a large majority of athletes 
exceeded ARVC/D cut-off values for RV EDV. When applying possible cut-off values for 
the ratio of LV EDV/RV EDV, the number of false positives was reduced substantially.  
The CMR ARVC/D cut-off values for RV ejection fraction worked well, and were not 
improved by replacing this measure with an LV/RV ejection fraction ratio equivalent. 

The absence of RV wall motion abnormalities in our study prevents all healthy 
subjects from actually meeting the minor CMR criterion for ARVC/D diagnosis, but the 
identification of such a wall motion abnormality is difficult and the leading cause of 
false positive CMR reports on ARVC/D.51, 52 Bulging related to the insertion site of the 
RV moderator band is also found in healthy individuals53 and incorrect interpretation of 
possible wall motion abnormalities will likely result in fulfilment of the CMR criterion 
in athletes. Our study confirms the notion of balanced cardiac changes as a sign of 
physiology, showing that LV EDV/RV EDV ratio can distinguish very well between 
ARVC/D and physiological cardiac adaptation to exercise. These findings were also 
reported using echocardiography,54 but not previously evaluated in the context of the 
revised diagnostic ARVC/D criteria. Interestingly, La Gerche et al. observed complex 
ventricular arrhythmias in a group of athletes, half of which also met ARVC/D criteria.55 
However, few of these athletes had a pathological gene mutation, bringing forward the 
possible existence of an exercise-induced ARVC/D-like syndrome that could lead to 
further diagnostic challenges.

Since ARVC/D mostly presents with a disproportionately large RV, the ratio of LV EDV/
RV EDV is a good discriminator between ARVC/D and physiological cardiac adaptation 
to exercise, whereas an absolute RV EDV cut-off value could lead to false positive 
findings in athletes. 

concLusions

In addition to previous work by our study group, this thesis has generated reference 
values for other sports categories than HD-HS sports, showing that HD-LS sports result 
in smaller cardiac changes than HD-HS sports and that LD-HS show hardly any changes 
at all as compared to non-athletic controls. Furthermore, changes tend to be balanced, 
both with respect to volume-to-mass and left-right measures. Factors beside sports 
category that can lead to ventricular changes are black ethnicity and the use of anabolic 
androgenic steroids. Additionally, anabolic androgenic steroids may lead to impaired 
ventricular function.



129

General discussion

7

The relative balance of cardiac changes in healthy individuals proves to be a useful 
phenomenon in differentiating physiology from SCD-causing pathology, as HCM is 
associated with a smaller volume-to-mass ratio and ARVC/D with a smaller left-right 
ventricular volume ratio.

fuTure perspecTives

Although our understanding of cardiac changes in response to physical training has 
progressed considerably, both basic and practical questions remain. Also, as CMR is still 
evolving at a rapid pace, more possibilities will arise that need investigating.

MRI’s relatively long acquisition times and its sensitivity to cardiac and respiratory 
movement have delayed the evolution of cardiac imaging compared to other parts of 
the body. Consequently, cardiac MRI scans of sufficient quality have only been available 
for around ten to fifteen years. Improving techniques should continue to enhance CMR’s 
image quality, expanding the number of structures and pathologies that can be imaged 
and reduce the patient burden associated with acquisition. Breathholding and even 
electrocardiographic gating, currently still important for image acquisition, may become 
unnecessary.56 Other techniques, such as the use of gadolinium-contrast for myocardial 
viability, perfusion imaging, flow quantification, myocardial tagging, real-time CMR and 
elastography have rapidly developed and are further broadening the range of clinical 
CMR applications.57, 58

As many CMR research in athletes is conducted cross-sectionally, relatively little 
evidence exists of changes over time per individual. Longitudinal studies are required 
to reliably assess if cardiac changes such as impaired function, ventricular hypertrophy 
and dilatation regress on detraining, progress over time, or possibly lead to arrhythmias 
or symptoms. Also, most research in the field of sports cardiology has been done in 
Caucasian subjects, skewing the available reference data and associated cut-off points 
for various pathological entities, and possibly causing misinterpretation in individuals 
of other ethnicities. Further study of populations with different demographic profiles is 
therefore desirable, as is instigated by Sharma’s group of researchers in London.37, 38, 46, 59

Observations of larger left-right ventricular differences that are further accentuated 
during exercise17 warrant further study of cardiac anatomy and function in athletes in 
exercise settings as this may indicate different physiology during exercise. This might 
also help to justify findings like the reduced ejection fractions we encountered in our 
sample of black football players and reduced ejection fractions in athletes in general. 
Similar stroke volumes at rest correspond to smaller ejection fractions when the 
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ventricular end-diastolic volume is larger. However, during exercise the ejection fraction 
may very well be equal or greater than that of non-athletic controls. Related to this, the 
hypothesis of the right ventricle as the weakest link in dealing with heavy cardiac loads, 
as put forward by researchers from Leuven17, 55 could be clarified further.

Another relevant point is further elaboration on parameters differentiating pathology 
from physiology for clinical use. Our understanding of the basic physiology of cardiac 
adaptation to exercise is far from complete, but useful clinical tools have already been 
developed to help identify cardiomyopathies and other causes of SCD, while preventing 
unnecessary exclusion from sports. This is illustrated by our own efforts of evaluating 
ratio measures for differentiation with HCM and ARVC/D. Furthermore, similar 
evaluations should preferably include larger groups of athletes with cardiomyopathies, 
to validate our findings. However, SCD-causing pathology is generally rare in athletes 
and it takes time to accumulate large groups. Other research groups may already have 
access to larger cohorts of cardiomyopathy patients, such as those in Minneapolis/
Boston, United States for HCM60 and in Padua, Italy for ARVC/D.61

Apart from proven cardiomyopathies, a far larger group of athletes presents with 
symptoms or inconclusive findings on screening investigations that are eventually 
qualified as probably harmless and benign. Population studies accumulating data on 
these athletes may help identify parameters that are most suitable for risk stratification. 

Our knowledge on physiological cardiac adaptation to exercise training and its deter-
minants is still growing. This enables us to develop imaging protocols, measurements 
and cut-off values to optimally distinguish it from pathology. We can probably never 
prevent all cases of SCD, but these combined efforts should collectively aim for an optimal 
SCD prevention, whilst not doing unnecessary harm to healthy athletic individuals.
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Summary

Cardiac magnetic resonance imaging (CMR) is often used in athletes to image cardiac 
anatomy and function and is increasingly requested in the context of screening for pathology 
that can cause sudden cardiac death (SCD). In this thesis, patterns of cardiac adaptation to 
sports are investigated with CMR. 

Chapter 2 describes our finding that left-right ratios are preserved across all sports 
categories, and that these ratios are similar to those found in non-athletic controls. The ratio 
of ventricular volume and wall mass is also similar across sports categories and non-athletic 
controls. Besides providing additional sports category-specific CMR reference values and 
upper limits for athletes, we also found that sports category is an important determinant of 
ventricular dimensions, irrespective of training hours, age and gender. Sports that involve 
dynamic (endurance) exercise are associated with larger volumes and wall mass, while the 
largest values are found in combined high dynamic-high static (strength-endurance) sports. 
Purely high static (strength) sports do not result in significant increases of ventricular 
volume and wall mass. Previous studies by others that reported selectively increased wall 
mass in strength-trained athletes may have been confounded by the concealed use of anabolic 
androgenic steroids (AAS) amongst their populations. A comparison of AAS-using strength 
athletes with non-AAS-using strength athletes in chapter 3 shows a significant association 
between AAS use and larger ventricular dimensions, in combination with impaired diastolic 
and systolic ventricular function.

In chapter 4 we found that athletes of black ethnicity have significantly more pronounced 
ventricular hypertrabeculation, resembling left ventricular non-compaction (LVNC). 
Ethnicity proved to be an important determinant of hypertrabeculation, which in turn was 
associated with reduced ejection fraction. As the increased trabeculation is probably benign 
and physiological, it is important to be aware of this to prevent confusion of LVNC with 
increased hypertrabeculation as seen in black athletes.

The relatively preserved volume-to-mass and left-to-right ratios are investigated further in 
chapter 5 and chapter 6, as a tool to differentiate physiological cardiac adaptation from 
hypertrophic cardiomyopathy (HCM) and arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D), respectively. In HCM a predominant increase in ventricular wall mass is 
observed  and the volume-to-mass ratio is effective at differentiating between patients and 
controls. ARVC/D is associated with a disproportionately large right ventricle. The current 
diagnostic criteria make use of absolute RV cut-off values and could be improved upon by 
also considering the left-to-right ventricular volume ratio. This would help to prevent false 
positive findings, especially in athletes.

In conclusion, this thesis adds to current basic knowledge on physiological cardiac changes 
in athletes and also provides possible differentiating parameters for clinical use. 

Summary
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Samenvatting

Magnetische resonantie (MRI) wordt steeds vaker gebruikt om bij sporters de anatomie 
en functie van het hart in beeld te brengen, zeker doordat er wordt gescreend op 
ziektes die plotselinge hartdood kunnen veroorzaken. Deze studie onderzoekt met MRI 
aanpassingspatronen van het hart aan sport.

In hoofdstuk 2 laten we zien dat zowel de verhouding tussen hartkamervolume en 
hartspierwandmassa als de verhouding tussen linker- en rechterhartkamervolume hetzelfde 
zijn bij sporters (ongeacht het sporttype) en niet-sporters. We presenteren referentiewaar-
den en bovengrenzen per sportcategorie en laten ook zien dat de sportcategorie voor een 
belangrijk deel bepaalt hoe groot hartkamervolume en -spierwandmassa zijn, ongeacht het 
aantal trainingsuren, leeftijd en geslacht. Dynamische sporten (duursport, o.a. hardlopen 
en voetbal) geven een groter volume en dikkere spierwand, waarbij de grootste waardes 
worden gezien in gecombineerde kracht-duursporten (o.a. wielrennen en roeien). Statische 
sporten (kracht, o.a. gewichtheffen, judo) laten geen toename in hartkamervolume 
en spierwandmassa zien. Eerdere onderzoeken die een selectieve verdikking van de 
hartspierwand constateerden, zijn mogelijk beïnvloed door het (onbekende) gebruik van 
anabole steroïden. Uit een vergelijking tussen krachtsporters die wel en geen anabole 
steroïden gebruiken (hoofdstuk 3) blijkt dat anabolesteroïden-gebruik gepaard gaat met 
een groter hart (kamervolume en spierwandmassa) en een verminderde (systolische en 
diastolische) hartkamerfunctie.

In hoofdstuk 4 beschrijven we een versterkte aanwezigheid van spierbalkjes (trabekels) 
in de linkerhartkamer bij negroïde sporters, wat lijkt op non-compactie van de 
linkerhartkamer (LVNC). Etniciteit bleek in belangrijke mate de uitgebreidheid van deze 
‘hypertrabecularisatie’ te bepalen en hypertrabecularisatie was op zijn beurt gerelateerd 
aan een verminderde pompfunctie van het hart. Versterkte trabecularisatie is waarschijnlijk 
goedaardig en normaal bij negroïde sporters, maar kennis hiervan is belangrijk voor artsen 
om verwarring met LVNC te voorkomen.

De onveranderde verhouding tussen hartkamervolume-spierwandmassa en linkerkamer-
rechterkamer wordt in hoofdstuk 5 en hoofdstuk 6 gebruikt om onderscheid te maken 
tussen normale aanpassing van het hart aan sport en de hartziektes hypertrofische cardio-
myopathie (HCM) en aritmogene rechterkamercardiomyopathie/dysplasie (ARVC/D). 
Omdat bij HCM vooral de hartspierwandmassa toegenomen is, blijkt de verhouding tussen 
hartkamervolume-spierwandmassa goed te kunnen onderscheiden tussen HCM-patiënten en 
(al dan niet sportende) gezonde mensen. ARVC/D wordt gekenmerkt door een onevenredig 
groot volume van de rechterhartkamer (RV). De huidige criteria om ARVC/D vast te stellen 
maken o.a. gebruik van absolute waardes voor het RV-volume. Omdat sporters ook een groot 
volume van de linkerhartkamer (LV) hebben, zou de verhouding tussen volumes van LV en 
RV een beter criterium zijn om te voorkomen dat gezonde sporters ten onrechte aan dit 
criterium voldoen.

Deze studie vergroot de basiskennis over aanpassing van het hart aan sport en presenteert 
referentiewaarden en verhoudingsmaten die artsen kunnen helpen om het onderscheid met 
hartziektes te maken.
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Appendix - List of abbreviations

AAS  anabolic androgenic steroids
AHA  American Heart Association
ANOVA  analysis of variance
ARVC/D  arrhythmogenic right ventricular cardiomyopathy/dysplasia
AUC  area under the curve
AV  atrioventricular
BSA  body surface area
CMR   cardiac magnetic resonance imaging
DBP  diastolic blood pressure
E/A ratio ratio of early (E) versus late/atrial (A) diastolic filling
ECG  electrocardiogram/electrocardiographic
EDD  end-diastolic diameter
EDM  end-diastolic wall mass
EDV  end-diastolic volume
EF  ejection fraction
ESC  European Society of Cardiology
ESV  end-systolic volume
F  female
FN  false negative
FP  false positive
HCM  hypertrophic cardiomyopathy
HD-HS  high dynamic-high static (combined isotonic-isometric training)
HD-LS  high dynamic-low static (isotonic/endurance training)
IVS-WT  interventricular septal wall thickness
LA  left atrial
LBBB  left bundle branch block
LD-HS  low dynamic-high static (isometric/strength training)
LD-LS  low dynamic-low static 
LGE  late gadolinium-contrast enhancement
LV  left ventricle/left ventricular
LVH  left ventricular hypertrophy
LVNC  left ventricular non-compaction
LVOT  left ventricular outflow tract
M  male
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MDCT  multidetector computed tomography
MRI  magnetic resonance imaging
MV  mitral valve
NC/C  non-compacted/compacted myocardium
NPV  negative predictive value
PPV  positive predictive value
Q-flow  quantitative flow
RBBB  right bundle branch block
ROC  receiver operator characteristic
RV  right ventricle/right ventricular
RVOT  right ventricular outflow tract
SA  short-axis view
SBP  systolic blood pressure
SCD  sudden cardiac death
SD  standard deviation
sens  sensitivity
spec  specificity
SPSS  Statistical Package for the Social Sciences
SSFP  steady-state free precession
SWT  (interventricular) septal wall thickness
TFC  Task Force Criteria
TV  tricuspid valve
VT  ventricular tachycardia
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dankwoord

Het schrijven van een proefschrift is eigenlijk maar een klein onderdeel van een 
promotietraject. En juist alles wat erbij komt kijken maakt promoveren tot een 
leerzame, verrijkende en onvergetelijke ervaring: het werven van (top)sporters (van 
bodybuilders tot hockeyers), MRI-scans maken tot laat op de avond, congresbezoeken, 
presentaties geven voor uiteenlopend publiek, studenten begeleiden, cirkeltjes trekken 
op de computer tot in het oneindige, cursussen volgen, maar ook nieuwe mensen 
leren kennen op de gang, in het UMC en in de rest van de wereld, etentjes, vermaak 
met collega’s in een kano, kart of op een fiets, talloze koffiepauzes en samen optrekken 
tijdens Imagodagen, radiologendagen en andere wetenschappelijke bijeenkomsten. Het 
was een mooie tijd en daarvoor wil ik graag de volgende mensen bedanken.

Alle deelnemers aan het onderzoek, ietwat oneerbiedig ‘proefpersonen’ genoemd in ons 
jargon, zonder jullie was dit onderzoek onmogelijk geweest! Een reiskostenvergoeding 
was de enige tastbare compensatie die ik kon bieden voor een bezoek op een 
doordeweekse avond aan het UMC Utrecht, waarbij in een angstig krappe MRI-scanner 
(zeker voor brede krachtsporters) een stuk of 40 keer de adem ingehouden moest 
worden. Ik waardeer deze inspanning van álle deelnemers, maar vind het extra bijzonder 
dat ook vele topsporters de tijd hebben vrijgemaakt in hun overvolle agenda’s.

Birgitta Velthuis, bedankt voor je grenzeloze inzet en betrokkenheid. Je was altijd bereid 
om tijd te maken voor overleg, het nakijken van teksten, e-mails en presentaties of om 
contact op te nemen met de juiste personen als dat mijn onderzoek zou helpen. Het was 
ontzettend fijn om een co-promotor te hebben die pal achter me stond en een lans voor 
me wilde breken. Bovendien heb ik tijdens congressen, werk- en privé-bezoeken mogen 
ervaren dat je ook buiten het werk prettig gezelschap bent. Bedankt voor alles!

Maarten Jan Cramer, ik wil je bedanken voor je enthousiasme en positiviteit. Je was altijd 
een van de eersten om me te feliciteren of te complimenteren met bereikte resultaten of 
zelfs gewoon met de voortgang van het hele proces. Hartelijk dank voor je hulp.

Professor Willem Mali, dankzij uw steun kon ik dit promotietraject beginnen en tot een 
goed einde brengen. Bedankt voor het vertrouwen dat u vooraf, gedurende en bij de 
afronding van mijn onderzoek in mij heeft gehad.

Niek Prakken, ik ben je veel dank verschuldigd voor al het werk dat je hebt gedaan om 
de MRI Hart Topsporters Studie van de grond te krijgen en de enorme hoeveelheid data 
die je hebt verzameld. Als student heb ik al prettig met je samengewerkt en heb je me 
leren (s)kennen. Ik ben blij dat ik de kans heb gekregen om jouw prachtige project een 
vervolg te geven.
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Stan Buckens, bedankt voor je bijdrage aan mijn artikelen op statistisch, taalkundig 
en stilistisch gebied. Het is een voorrecht om een goede vriend te hebben die ter zake 
kundig is en daarnaast altijd bereid was om samen te pauzeren en te filosoferen over 
computerhardware, games, tv-series, reizen, toekomstplannen en allerlei andere 
dingen. Ik ben blij dat we na onze studie op een soortgelijk pad zijn beland en hoop nog 
lang van je vriendschap te mogen genieten.

Professor Frank Backx, ik wil u bedanken voor uw bijdrage aan artikelen, algemene 
adviezen en de ondersteuning in de sportgeneeskunde. U heeft me geïntroduceerd bij 
diverse personen en instanties en zo aan nuttige contacten geholpen. Daarnaast ben ik 
u dankbaar voor uw rol in de beoordelingscommissie.

Professor Sanjay Sharma, I am grateful to have had the opportunity to work with you 
and for getting to meet you in an informal setting as well. I’d also like to thank you for 
taking part in both my PhD defence and the preceding symposium on the athlete’s heart.

Rienk Rienks, Jeff Senden en Arend Mosterd, mijn redders in elektrocardiografische 
nood. Het beoordelen van ECG’s is een vak apart. Bedankt voor het beoordelen van 
grote hoeveelheden ECG’s en verdere ondersteuning bij de bijbehorende artikelen. 

Co-auteurs – Moniek Cox, Richard Hauer, Barbara Dijkman, Michiel Bots en Frank van 
Hellemondt –, jullie expertise, contacten, ervaring en suggesties waren erg belangrijk 
voor de totstandkoming van dit proefschrift. Bedankt!

Leden van de beoordelingscommissie – prof. dr. M.L. Bots, prof. dr. P.A. Doevendans, 
prof. dr. F.J.G. Backx en prof. dr. S. Sharma –, bedankt voor het lezen, beoordelen en 
goedkeuren van mijn proefschrift/many thanks for reading, assessing and approving 
my thesis.
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meeting you and your colleagues. Thank you for working with me.

Andre La Gerche, your presentations, articles and attitude have inspired me. It’s 
very enjoyable to talk and listen to you. Therefore, I am thankful you were willing to 
participate in my PhD defence and symposium as well as providing me with all kinds of 
practical information on your home country Australia.

Linde van Veenendaal, Annemiek Wolters, Dominique Rouleaux en Anne Meike Boels, 
met jullie hulp is een enorme berg MRI-scans veranderd in een grote hoeveelheid 
bruikbare data. Bedankt voor het intekenen van de scans, het weerstaan van RSI-gevaar 
en voor de hulp bij het maken van de scans.
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Marja Kool en Petra Fledderus, jullie waren altijd bereid om mij en mijn collega’s te 
helpen, ook zonder dat we er om hoefden te vragen. Jullie zijn een voorbeeld voor 
anderen en het is een voorrecht om met jullie te mogen samenwerken. 

Collega-onderzoekers door de jaren heen, bedankt voor alle gezelligheid en afleiding 
in het UMC, bij de radiologendagen, cursussen, congressen, uitjes en etentjes: Bertine, 
Nolan, Alexander, Arthur, Joost, Onno, Jan Willem, Merel, Rianne, Mandy, Stephanie, 
Wilco, Malou, Cécile, Charlotte, Charlotte, Jesse, Maarten, Maarten, Jill, Thomas, 
Alessandro, Ewoud, Anne, Audrey, Mies, Martijn, Anouk, Pushpa, Reinoud, Anna (Aня), 
Marleen, Joris, Bartjan, Annemarie, Suzanne en Laura.

Anja van der Kolk, het was een genoegen om twee verschillende kamers met je te delen. 
Ik bewonder je discipline, ijverigheid en integriteit, maar ook je kook- en bakkunsten. 
Je enorme inzet op alle fronten was echter geen belemmering om ook goed met je te 
kunnen lachen, met dank aan een zeker iemand (of twee bepaalde iemanden). Bedankt 
voor de gezelligheid.

Marianne Voogt, Beatrijs Seinstra en Hamza El Aidi, na de (tweede) verhuizing kon 
ik me geen beter gezelschap wensen in onze kamer op Q4. Er werd hard gewerkt (of 
gebeld) als dat nodig was, maar er was altijd ruimte voor het delen van lief en leed. Het 
was bijzonder om met zijn vieren in verwachting te zijn van een eerste kind en het feit 
dat verder niemand anders in die periode een kind verwachtte is misschien wel het 
bewijs dat we bij elkaar op de kamer hoorden! Bedankt voor jullie gezelschap.

Marlijne Ikink, ook met jou heb ik met veel plezier op één kamer gewerkt. Het is dat je 
niet zwanger was, anders stond je gewoon in het rijtje hierboven! En waar velen afhaken 
om samen met mij een team te vormen voor de UMC-estafette, ga jij nog op en neer naar 
huis om je hardloopschoenen te halen. Bedankt voor de leuke tijd.

Tom van Seeters, in het rijtje kamergenoten mag je niet ontbreken, maar je bent al snel 
ook een goede vriend geworden. We hebben veel gemeen (gehad): de kamer waarop 
we werkten en onze dagelijkse begeleider, maar ook diverse interesses en frustraties 
al dan niet door hoe we zelf zijn. Daardoor konden we elkaar altijd goed begrijpen. Ik 
ben er daarom van overtuigd dat we ook goede vrienden zullen blijven als we niet meer 
op willekeurige momenten op de dag pauze kunnen houden of zelfs op andere locaties 
werken. Ik ben blij dat ik je heb leren kennen en wil je bedanken voor alles.
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Het is belangrijk om van je vrije tijd te genieten en het werk even uit je hoofd te zetten. 
Hoewel ik dat gelukkig ook in het UMC met collega’s heb kunnen doen, zijn er daarbuiten 
ook mensen die – zonder het weten – een belangrijke bijdrage hebben geleverd aan 
mijn promotie door te zijn wie ze zijn.

The Electric Psychodelic Pussycat Swingers – Rick Kapur, Linda Janssen, Hendrik 
Gremmels, Matthijs Bergevoet, Elles Bergevoet, Manuel van den Hoogen, Heidi Janssen 
en gelegenheidsdeelnemers –, voor velen een mysterieuze naam (met een vermeende 
spelfout), maar voor ons een begrip in de wereld die Pubquiz heet. Bedankt voor jullie 
gezelschap en fanatisme bij de tweewekelijkse quiz in Florin.

Brian Elward, Mariska van Roosendaal, Renée Schellekens en Sweta Buckens, ik ben erg 
blij om jullie als vrienden te hebben. Bedankt voor alle leuke dagen en avonden. Dat er 
nog vele mogen volgen!

Eelco den Boer, je bent een vriend uit duizenden. Je staat altijd voor me klaar en al sinds 
onze studietijd in Tilburg geniet ik ervan om gewoon lekker simpel met je te gamen, 
over sport te praten, een film te kijken of een concert te bezoeken. Maar ik bewonder je 
ook om je kennis, relativeringsvermogen en nuchterheid. Bedankt dat je er bent en voor 
alle flexibiliteit die ervoor zorgt dat we elkaar nog steeds geregeld zien.

Rien en Lenty, Martijn, ik wil jullie bedanken voor de ongedwongenheid en gastvrijheid 
waarmee jullie mij hebben ontvangen. Ik ben blij dat jullie mijn schoonouders en 
zwager zijn. 

Lieve pa en ma, lieve Mirjam, ik ben dankbaar om jullie als ouders en zus te hebben. 
Jullie hebben me altijd vrijgelaten om te doen wat ik wilde en me daarbij ondersteund 
zonder me onder druk te zetten. Jullie hebben me voor een belangrijk deel gemaakt tot 
wie ik nu ben. Bedankt dat jullie er zijn.

Angelique, je bent de liefde van mijn leven en mijn allerbeste vriend. Als het even 
tegenzit hou jij me op de been en als het voor de wind gaat deel ik dat het allerliefst met 
jou! Je lach, positiviteit, zorgzaamheid, gekheid en liefde maken mij iedere dag gelukkig. 
Dankjewel voor wie je bent!
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