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Background: Recommendations for the echocardiographic assessment of left
ventricular (LV) mass in the athlete suggest the use of the linear method using a
two-tiered classification system (2TC). The aims of this study were to compare
the linear method and the area-length (A-L) method for LV mass in elite rugby
football league (RFL) athletes and to establish how any differences impact the
classification of LV geometry using 2TC and four-tier (4TC) classification systems.
Methods: Two hundred and twenty (220) male RFL athletes aged 25 + 5 (14-34 years)
were recruited. All athletes underwent echocardiography and LV mass was calculated by
the American Society of Echocardiography (ASE) corrected Linear equation (2D) and the
A-L method. Left ventricular mass Index (LVMi) was used with relative wall thickness to
determine geometry in the 2TC and with concentricity and LV end diastolic volume
index for the 4TC. Method specific recommended cut-offs were utilised.

Results: Higher values of absolute (197 + 34 vs. 181+ 34 g; p <0.0001) and indexed
(92 + 13 vs. 85 + 13 g/m? p < 0.0001) measures of LV mass were obtained from A-L
compared to the linear method. Normal LV geometry was demonstrated in 98.2%
and 80% of athletes whilst eccentric hypertrophy in 1.4% and 19.5% for linear and A-L
respectively. Both methods provided 0.5% as having concentric remodelling and 0%
as having concentric hypertrophy. Allocation to the 4TC resulted in 97% and 80% with
normal geometry, 0% and 8.6% with eccentric dilated hypertrophy, 0% and 7.7% with
eccentric non-dilated hypertrophy, 1.4% and 0.5% with concentric remodelling and
14% and 3% with concentric non-dilated hypertrophy for linear and A-L methods
respectively. No participants had concentric dilated hypertrophy from either methods.
Conclusion: The linear and A-L method for calculation of LV mass in RFL athletes are not
interchangeable with significantly higher values obtained using A-L method impacting
on geometry classification. More athletes present with eccentric hypertrophy using 2TC
and eccentric dilated/non-dilated using 4TC. Further studies should be aimed at
establishing the association of A-L methods of LV mass and application of the 4TC to
the multi-factorial demographics of the athlete.
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Introduction

The athlete’s heart refers to physiological adaptation derived
from repetitive alterations in cardiac work encountered during
(1). These
heterogeneous with the magnitude and type of change dependent

long-term  exercise training adaptations  are
on many factors including age, gender, body size, sporting
discipline and training status (2). The impact on left ventricular
(LV) geometry includes increases in cavity dimension, wall
thickness and overall LV mass (3-5). Although rare, potential
pathological forms of hypertrophy such as hypertrophic
cardiomyopathy can create a diagnostic dilemma with athlete’s
heart causing similar changes in LV geometry (6).

Echocardiography allows the assessment of LV geometry (7) and
has traditionally been classified in accordance with the 2-tiered
classification (2TC) utilising a combination of scaled LV mass to
body surface area [LV Mass Index (LVMi)] and relative wall
thickness (RWT) (7, 8). More recently, a 4-tiered classification
(4TC) of LV geometry has been developed, distinguishing
geometry via the absence or presence of increased LV
concen‘[ricity2 3 [LV mass/end-diastolic volume (EDV)*?], LVMi
and LV dilation (LVEDV/BSA) (9). When compared to the 2TC
system, the 4TC system has demonstrated better risk-stratification
for adverse cardiovascular events in hypertensive patients and the
general population (10, 11). Studies in athletes have suggested that
further categorisation by the 4TC may be beneficial to more
accurately articulate geometrical adaptation (12, 13).

LV mass is a strong predictor of cardiovascular events (14, 15)
with its assessment being key to understanding and defining LV
geometry. Numerous methods can be used to calculate LV mass.
Despite its simplicity, the ubiquitous use of the linear dimension
method [American Society of Echocardiography (ASE) corrected
formula] is limited when compared to the two-dimensional (2D)
area length (A-L) method with less reliance on geometrical
assumptions (7). It is important to establish whether the use of
different estimates of LV mass influence categorisation and
derived geometry of the LV in an athlete.

Rugby football league (RFL) is a high intensity sport, utilising
both dynamic (50%-75%) and static (10%-20%) components
(16). Previous work by our group has characterised the RFL
athletes heart using echocardiography by demonstrating a
predominance of a normal geometry using the linear method of
LV mass derivation and the 2TC classification system (17). In
view of this, the aims of this study are two-fold, (1) to compare
the linear method and the A-L method for assessment of LV
mass in elite rugby players and (2) establish how the differences
in methodology impact the classification of LV geometry using

both 2TC and 4TC classification systems.

Methods
Study population and design

Following ethical approval by the ethics committee of Liverpool
John Moores University, male RFL athletes provided written

Frontiers in Sports and Active Living

10.3389/fspor.2023.1270444

informed consent to participate in the study. Athletes were
recruited consecutively and data was collected as part of
mandatory pre-participation cardiac evaluation, with participants
also completing a medical questionnaire to document any
cardiovascular symptoms, family history of SCD or other
cardiovascular disease. Participants were required to abstain from
exercise training or recreational activity for at least 6 h prior to
the investigation and data acquired in a resting state at a single
testing session. Screening results were reported by a sports
cardiologist with clinical referrals made for any participant
requiring further cardiac evaluation.

Procedures

Anthropometry

Anthropometric assessment was undertaken prior to testing.
This included height (Seca 217, Hannover, Germany) and body
mass measurements (Seca supra 719, Hannover, Germany) with
body surface area (BSA) calculated via the Mosteller equation (18).

Conventional 2D echocardiography

Conventional 2D echocardiographic images were acquired
using a commercially available ultrasound (Vivid Q, GE Medical,
Horten, Norway) with a 1.5-4 MHz phased array transducer.
Two experienced sonographers (LF/DO) acquired images with
participants laying on their left side in the lateral decubitus
position, in adherence to ASE guidelines (7). Images were stored
as raw digital imaging and communications in medicine
(DICOM) format and exported to an offline workstation
(Echopac, Version 110.0.2, GE Healthcare, Horten, Norway) for
follow up analysis by the same experienced sonographers (LF
and DO). Measurements were made in accordance with ASE
recommendations (7). A comprehensive assessment of LV wall
thickness was employed. Eight measurements were taken at the
basal and mid-levels in the parasternal short axis at end diastole
(infero-septum, antero-septum, posterior wall and lateral wall).
The mean wall thickness (MWT) was calculated from the
average of the 8 segments. LV end diastolic volume (LVEDV)
was calculated using the Simpson’s Biplane summation of discs
method from both apical four and two chambers. Concentricity
was calculated as (LV mass/LVEDV®®?’) for application to the
4TC system.

To calculate LV mass, the linear method and the A-L method
were both calculated. The linear dimension method was calculated
via the ASE corrected formula (19): Left ventricular mass = 0.8 x
1.04 x [(IVS + LVID + PWT)3 —LVID3] + 0.6 g. Left ventricular
internal diameter (LVID), interventricular septum (IVS) and
posterior wall thickness (PWT) were measured in 2D from the
parasternal long-axis view at end-diastole, perpendicular to
the LV long axis and measured at the mitral valve leaflet tips (7).
The relative thickness (RWT) was
(2xPWT)/LVID.

The A-L method was calculated using the equation where the

wall calculated as

volume of the LV myocardium is calculated from the myocardial
area, the average myocardial wall thickness and the LV length.
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From the parasternal short axis view at the papillary muscle level,
the total epicardial area (A") and the total endocardial area (A?)
were traced at end diastole, excluding the papillary muscles. The
myocardial area (A,,) was obtained from subtracting the total
epicardial area (A') and LV cavity area (A?). By assuming a
circular area, the average mean wall thickness (t) was calculated
\/17:— b where b is the SAX radius
4-chamber view, the LV long axis length was measured from the
mitral annulus to the LV apex at end diastole (). Left ventricular
mass was then calculated using the following equation, LV mass
=1.05 {[5/6 A, (1+1)] —[5/6 A, (]} (7).

A2 .
as 2. From the apical

Categorisation

Left ventricular hypertrophy was defined as LV mass/BSA
>115 g/m® for both 2TC and 4TC systems when using the linear
dimension method and LV mass/BSA >102 g/m* when using the
A-L method (7). Concentric remodelling/concentric hypertrophy
were defined as RWT >0.42 in the 2TC. For the 4TC system,
echocardiographic thresholds for increased concentricity were
>9.1 g/mlI*® and dilatation for increased LVEDV index >76
ml/m? (7) (see Figure 1).

Statistical analysis

Study data were collected and managed using REDCAP
electronic data capture tools hosted at Liverpool John Moores

10.3389/fspor.2023.1270444

Altman agreement was used to establish absolute bias and limits
of agreement (LOA). Based on the different classifications the
percentage of athletes with specific geometry were presented for
2TC and 4TC as determined from both methods for calculation
of LV mass.

Results

Two hundred and twenty (220) male RFL athletes aged 25 + 5
(14-34 years) were recruited into the study. All demographic data
are presented in Table 1. The absolute and indexed values for LV

structure using both the linear and A-L method are presented in
Table 2.

Comparison of left ventricular mass

The linear method provided lower values of absolute (181 +
34 g vs. 197 +34; p<0.0001) and indexed (85 + 13 g/m* vs. 92 +
13; p<0.0001) measures of LV mass compared to the A-L
method. This difference was reciprocated with lower values of
mean wall thickness (8.7 £0.8 mm vs. 9.7 +1.8; p<0.0001) and
concentricity (6.4 % 1.2 g/ml>* vs. 7.0 + 1.1; p<0.001) for linear
method compared to A-L method. Bland-Altman analysis of LV

TABLE 1 Participant demographics.

Demographics Mean + SD

University. All echocardiographic data are presented as mean + Age (years) 25+5
SD and ranges. Statistical analyses were performed using a Height (cm) 18110
commercially available software package (SPSS, Version 23.0 for | Weight (kg) 904132
2
Windows, Illinois, USA). A single paired t-test was used to BSA (m®) 2.1£02
. . . Training (h k +
compare the two mass calculations for systemic bias and Bland- raining (hours per weel) 178
LVEDV/BSA (ml/m?)
-2TC -4TC
A B <76 =76
w N —_ ; .
g ¥ Concentric 5 A Concentric
c @ 3 5
3 A Remodeling % Remodeling
£ 3
©
: ]
2 « 5
S Normal S o Normal
8 o Q
Geomet
g v ry sV Geometry
O
< 115 (Linear) > 115 (Linear) < 115 (Linear) > 115 (Linear)
<102 (Area-length) > 102 (Area-length) < 102(Area-length) > 102 (Area-length)
Left Ventricular Mass/BSA (g/m?) Left Ventricular Mass/BSA (g/m?)
FIGURE 1
Schematic illustration of A) the two-tiered classification (2TC) and B) four-tiered classification (4TC) of left ventricular hypertrophy based on both the
linear method and area-length method. BSA indicates body surface area; LVEDV, left ventricular end-diastolic volume; and LVH, left ventricular
hypertrophy.
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TABLE 2 Conventional indices of LV structure.

pasmeter ez

Relative wall thickness 0.33 +£0.04
Mean wall thickness (mm) 8.7+0.8
Mean wall thickness (area equation) (mm) 9.7+1.8
LVEDV (ml) 150 + 25
LVEDVi (ml/m?) 91+10
LVM (ASE equation) (g) 181+ 34
LVMi (ASE equation) (g/m?) 85+ 13
LVM (area-length equation) (g) 197 + 34
LVMi (area-length equation) (g/m?) 92+13
Concentricity (ASE equation) (g/ml1>**’) 64+12
Concentricity (area-length equation (g/ml**”) 70+1.1

mass demonstrated a bias of 16+ 27 g with 95% LOA of —38 to
69 g (see Figure 2).

Classifications of LV geometry

Allocation to the 2TC, using the linear method, resulted in
98.2% of participants being classified as having normal geometry,
1.4% as having eccentric hypertrophy, 0.5% as having concentric
remodelling and 0% as having concentric hypertrophy. Use of
the A-L method altered the prevalence to 80% of participants
being categorised as having normal geometry, 19.5% having
eccentric hypertrophy, 0.5% having concentric remodelling and
0% having concentric hypertrophy (see Figure 3).

Allocation to the 4TC, using the linear method, resulted in 97%
of rugby players being classified as having normal geometry, 1.4%
as having concentric remodelling and 1.4% as having concentric
non-dilated left ventricular hypertrophy (LVH). Zero percent of
participants were classified as having concentric dilated LVH,
eccentric non-dilated LVH and eccentric dilated LVH. Use of the
2D Area-length method altered the prevalence to 80% of rugby
players being categorised as having normal geometry, 8.6%
having eccentric dilated LVH, 7.7% eccentric non-dilated LVH,

10.3389/fspor.2023.1270444

3.2% concentric non-dilated LVH, 0.5% concentric remodelling
and 0% being categorised as having concentric dilated LVH (see
Figure 4 and clips in the Supplementary Data).

Discussion

This is the first study to compare methods for calculation of LV
mass and subsequent derived geometry in a physiological model of
the athlete’s heart. There was a systematically higher LV mass as
determined by the A-L compared to the linear method. When
applying both classification systems the linear method categorised
approximately 18% more rugby players as having normal geometry
compared to the A-L method. Whereas the A-L method categorised
more athletes as having eccentric hypertrophy in the 2TC and more
eccentric dilated and non-dilated LVH in the 4TC. These findings
of
echocardiography in pre-participation screening or secondary care
follow-up of an athlete utilising current guideline recommendations.

have implications when considering the application

Comparison of LV mass

The measurement of LV mass is integral to the routine
echocardiographic assessment of the patient and is advocated by
professional guidelines (7, 20). It is used to support the diagnosis
of conditions (21), aid management and guide therapy (22) and
provide important prognostic data (23). It has also been
recommended in the cardiac assessment of the athlete to help
differentiate physiological from pathological adaptation at both
pre-participation screening and in secondary care follow-up (24).
This has been driven by research studies that have aimed to
establish normal ranges for LV mass and subsequent geometric
classifications in heterogenous athletic populations (2). Of these
numerous studies, many of them provide a measurement of LV
mass obtained from linear wall thicknesses either using M-mode
or 2D. The linear equation uses measurements from a single

FIGURE 2

100-
xc . 95% LOA
£g 50 B I
£ T wEY L
P e RUATIA Lo e S Bias
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-100- Mean LV mass (g)

Bland-Altman analysis of LV mass derived from area-length and linear methods.
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FIGURE 3

LV geometry classifications based on LVMi and RWT as derived from linear and area-length methods.
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FIGURE 4

LV geometry classifications based on LVMi and concentricity as derived from linear and area-length methods.
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level of the ventricle and therefore does not fully reflect the
distribution of wall thickness from the rest of the LV walls
(anterior/inferior, inferoseptum or lateral), from the mid-level or
the length of the ventricle. Data from 3D imaging in triathletes
have demonstrated a physiologically scaled increase in size
throughout the whole of the LV with a maintenance of the
overall shape (25) whilst a ¢tMRI study in marathon runners
highlights the proportional increase in LV length and normal
sphericity (26). Mixed sporting disciplines such as RFL are
defined by their relative contribution of isometric and isotonic

Frontiers in Sports and Active Living

activity being related to alternate phases of dynamic and static
workload and hence these athletes from various field positions
provide a unique and heterogeneous combination of cardiac
stimuli for adaptation (27). Importantly though the LV mass
values obtained from the A-L method here are similar to those
observed from absolute 3D echocardiographic derived LV mass
data from adult athletes from variable sporting disciplines (28)
and may, therefore, be more representative of the athletes heart.
The higher values obtained in this study from the A-L method
compared to the linear method are in contrast to the literature in
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non-athletes where studies have demonstrated lower values
obtained from the A-L method (29). These data have been
adopted by the echocardiographic fraternity/professional bodies
and hence the inclusion of absolute lower cut-off values for the
A-L method in guideline documents (7, 30, 31). It is important
to note however that the specific cut-offs adopted for 2D derived
methods of LV mass by the ASE are based on the “truncated
ellipsoid method” from only 84 normal participants (29) rather
than the A-L method used in this study. The lack of available
data in this regard is problematic and highlights the importance
of standardisation and consistency but also the potential
implications on our understanding of the true nature of
physiological athletic adaptation.

The early validation of linear equations for derivation of LV
mass was achieved using necropsy findings and specifically
M-mode echocardiography in small populations of no LVH (n=
34) and pathological LVH (n = 18) (19). These data provided the
evidence for the currently recommended ASE corrected linear
equation. Since that early study, technological advancements in
echocardiography have significantly enhanced 2D imaging with
superior spatial and temporal resolution whilst overcoming many
of the technical limitations of M-mode. In view of this,
professional bodies also provide support for the use of 2D linear
measurements of LV cavity and wall thicknesses (7, 31) and for
the subsequent derivation of LV mass using the same linear
equation. This lack of standardisation is however problematic as
2D derived cavity values are smaller than those derived from
M-mode (32) and there is no reflection of this in the established
cut-offs for LV mass (7). This mismatch between methodology
and validated ranges may also, in part, explain the systematically
lower values obtained from linear derived LV mass in this study
alongside the unique balanced nature of physiological LV
hypertrophy and the lack of validation in the athlete’s heart. The
potential implications for this are significant with possible under-
reporting of hypertrophy and the ensuing prognostic/diagnostic
issues. This issue is exacerbated further due to the integration of
RWT in the classification of geometry which suffers from the
same issues regarding lack of normal 2D linear derived ranges.
Ganau et al. (1992) proposed a cut-off of 0.41 at 95% and 0.44
for 99% percentiles respectively from the distribution of 225
“normal” adult participants using M-mode echocardiography (8).
The adoption by professional bodies of a cut-off value of 0.42
has not been further validated particularly using 2D derived
linear measurements or in an athletic population and therefore
may have reduced specificity in these settings and populations.

Two-tier vs. four-tier

The integration of LV mass and RWT are used to determine
LV geometry using the established 2TC classification system and
its application in the young athletic population has allowed us to
better understand the nature of physiological cardiac remodelling
(3, 33). Previous work by our group in a sub-sample (n=139;
age 24+4 years) of the cohort presented in this study
demonstrated a predominance for normal geometry using 2TC
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and linear (2D) derivation of LV mass with only 1.4% and 0.7%
of athletes demonstrating eccentric hypertrophy and concentric
athletes
concentric hypertrophy (17). In this study we demonstrate

remodelling respectively and no presenting with
similar findings however when using the A-L method for
calculation of LV mass and the associated cut-offs there is a
significant impact on the number of athletes allocated with
eccentric hypertrophy (18%) with no effect on concentric
remodelling and hypertrophy compared when using the linear
method in the same athletes. The original work of Morganroth
et al. (34) demonstrated a dichotomous nature of LV adaptation
with concentric hypertrophy in young strength trained athletes and
eccentric hypertrophy in young endurance athletes. The concentric
limb of this hypothesis has since been refuted based on our
developing knowledge of the physiological cardiac stimuli of acute
and chronic exposure to exercise training and the mixed nature of
sporting disciplines (5, 35) and regardless of the method used to
calculate LV mass our findings using 2TC in RFL athletes support
this. In contrast, eccentric hypertrophy is an adaptation in response
to elevated preload and is associated with well-documented training
adaptations of increased blood/plasma volume in endurance sports
(36). This concept is also confirmed in our cohort however the
evidence presented here suggests that through the potential
underestimation of LV mass via linear (2D) measurements, the
prevalence of eccentric hypertrophy is likely to be more common
in athletes of mixed discipline than previously reported.

The application of the 4TC has been used to better define LV
geometry in athletes (12, 13) and utilises concentricity alongside
LVEDV. When using the linear (2D) method to determine LV
mass, our data demonstrates disparate findings to those
obtained via the 2TC. There is a predominance for normal
geometry but no athletes with eccentric hypertrophy and
conversely 2.8% of athletes with concentric remodelling/
hypertrophy. However, when using the A-L method to calculate
LV mass, eccentric dilated/non-dilated becomes more prevalent
(16.3%) with fewer athletes with concentric remodelling/
hypertrophy (0.5%). These are important data and highlight the
benefit of both the A-L method combined with the 4TC and
further supports our physiological understanding of cardiac
adaptation in these athletes. The 4TC also demonstrates the
contribution of chamber dilatation to the increase in LV mass
and provides further detail on adaptation, i.e., including length
and biplane volumes. Previous studies have demonstrated that
33% of elite cyclists were observed to have eccentric (dilated)
hypertrophy compared to only 3% of sub-elite cyclists (13)
whilst Trachsel et al. (2018) demonstrated that those athletes
with greatest training volumes and performance were more
likely to have eccentric dilated hypertrophy (12). Our data
presents a balanced distribution of eccentric hypertrophy, i.e.,
with and without dilatation highlighting the heterogeneous
presentation of cardiac adaptation in RFL athletes which could
be related to position or variable cardio-respiratory fitness.
These clear benefits of including the 4TC in the assessment of
the athlete’s heart are further enhanced by using the A-L
method for LV mass derivation and hence removing the
reliance of linear measurements.
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Clinical implications

Echocardiography is used routinely in the assessment of the
athlete during pre-participation screening where it aids the
differentiation of physiological from pathological adaptation.
The assessment of LV mass is integral to defining geometry
using the 2TC (24) and therefore the data presented here has
important implications. The likely underestimation of LV mass
values using the linear method with 2D measurements impact
on geometry and hypertrophy. It is reassuring that the
prevalence of concentric remodelling and concentric
hypertrophy is not affected using the A-L method and hence
the grey-area to hypertrophic cardiomyopathy is not
compounded. There is however an increase in prevalence of
eccentric hypertrophy which increases the differential from
dilated cardiomyopathy particularly if utilising the 4TC and in
the presence of reduced systolic function. We have previously
presented an association between strain, ejection fraction and
chamber size (17) in RFL athletes with those athletes with
bigger cavities having lower EF and strain. It is important to
be aware of this association and consider a low threshold for
exercise testing to demonstrate functional reserve in athletes
with eccentric LVH and reduced systolic function (37). Going
forward it is imperative that recommendations highlight the
differences and limitations of current echocardiographic
methods for deriving LV mass and the role of more
comprehensive classifications systems for defining geometry
whilst maintaining a sensible approach to standardisation and
interpretation of these data.

Athletes that are referred to secondary care for follow-up
due to inconclusive echocardiography or suspicion of cardiac
disease are often subjected to cardiac magnetic resonance
imaging (cMRI) (38). ¢cMRI is well established as the gold-
standard for determining LV mass however values have been
shown to be lower than those obtained from echocardiography
(27) and has been confirmed in a meta-analysis of athletes of
mixed sporting discipline (39). The data presented here
additional “food for thought”

modality assessment of the athlete’s heart and the lack of

provides regarding multi-
interchangeability between cMRI and echocardiography. It is
that
particularly when defining normality and attempting to

essential clinicians are aware of these differences

differentiate from pathological adaptation.

Limitations

There are some limitations in this study. We targeted male,
young RFL athletes only and although there are variabilities in
body size and field positions the external validity of our findings
are limited. That aside RFL athletes are representative of the
unique mixed demands of team sport and therefore provide
important insight in this wider demographic. Further studies
should aim to focus on reproducing and expanding these
findings in other athlete demographics including athletes of black
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ethnicity where concentric LVH has been reported to be more
prevalent.

Conclusion

The linear (2D) and A-L method for calculation of LV mass in
RFL athletes are not interchangeable; with systematically higher
values obtained using the A-L method. The application of these
methods significantly impacts geometry classification with more
athletes presenting with eccentric hypertrophy using 2TC and
eccentric dilated/non-dilated using 4TC. This data also provides
greater insight into the magnitude and nature of adaptation of
the RFL athlete’s heart. Further studies should be aimed at
establishing the association of A-L methods of LV mass and
application of the 4TC to the multi-factorial demographics of the
athlete.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethics
Research Committee of the Liverpool John Moores University.
The studies were conducted in accordance with the local
legislation and institutional requirements. The participants
provided their written informed consent to participate in this

study.

Author contributions

RM-C: Conceptualization, Data curation, Formal Analysis,
Methodology, Validation, Writing — original draft, Investigation,
Project administration. LF: Conceptualization, Data curation,
Formal Analysis, Validation, Writing - review and editing. RC:
Formal Analysis, Supervision, Validation, Writing - review and
editing, Conceptualization. CJ: Data curation, Formal Analysis,
Validation, Writing - review and editing. NS: Validation,
Visualization, Writing — review and editing. MP: Validation,
Writing - review and editing. NM: Data curation, Validation,
Writing - review and editing. MD: Data curation, Validation,
Writing - review and editing. GK: Conceptualization,
Supervision, Validation, Writing - review and editing. KG:
Conceptualization, Data curation, Formal Analysis, Methodology,
Validation,

Investigation. DO: Conceptualization, Data curation, Formal

Supervision, Writing - review and editing,
Analysis, Investigation, Methodology, Project administration,
Supervision, Validation, Visualization, Writing - original draft,

Writing - review and editing.

frontiersin.org


https://doi.org/10.3389/fspor.2023.1270444
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

McGregor-Cheers et al.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

References

1. 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
(3):336-44. doi: 10.1161/01.CIR.101.3.336

2. Brown B, Somauroo J, Green DJ, Wilson M, Drezner J, George K, et al. The
complex phenotype of the athlete’s heart: implications for preparticipation
screening. Exerc Sport Sci Rev. (2017) 45(2):96-104. doi: 10.1249/JES.
0000000000000102

3. Finocchiaro G, Dhutia H, D’Silva A, Malhotra A, Steriotis A, Millar L, et al. Effect
of sex and sporting discipline on LV adaptation to exercise. JACC Cardiovasc Imaging.
(2017) 10(9):965-72. doi: 10.1016/j.jcmg.2016.08.011

4. Morrison BN, George K, Kreiter E, Dixon D, Rebello L, Massarotto RJ, et al.
Effects of endurance exercise training on left ventricular structure in healthy adults:
a systematic review and meta-analysis. Eur ] Prev Cardiol. (2023) 30(9):772-93.
doi: 10.1093/eurjpc/zwad023

5. Utomi V, Oxborough D, Whyte GP, Somauroo ], Sharma S, Shave R, et al.
Systematic review and meta-analysis of training mode, imaging modality and body
size influences on the morphology and function of the male athlete’s heart. Heart.
(2013) 99(23):1727-33. doi: 10.1136/heartjnl-2012-303465

6. Sheikh N, Papadakis M, Schnell F, Panoulas V, Malhotra A, Wilson M, et al.
Clinical profile of athletes with hypertrophic cardiomyopathy. Circ Cardiovasc
Imaging. (2015) 8(7):e003454. doi: 10.1161/CIRCIMAGING.114.003454

7. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American society of echocardiography and the European
association of cardiovascular imaging. ] Am Soc Echocardiogr. (2015) 28(1):1-39.
doi: 10.1016/j.ech0.2014.10.003

8. Ganau A, Devereux RB, Roman M]J, de Simone G, Pickering TG, Saba PS, et al.
Patterns of left ventricular hypertrophy and geometric remodeling in essential
hypertension. ] Am Coll Cardiol. (1992) 19(7):1550-8. doi: 10.1016/0735-1097(92)
90617-V

9. Khouri MG, Peshock RM, Ayers CR, De Lemos JA, Drazner MH. A 4-tiered
classification of left ventricular hypertrophy based on left ventricular geometry the
Dallas heart study. Circ Cardiovasc Imaging. (2010) 3(2):164-71. doi: 10.1161/
CIRCIMAGING.109.883652

10. Bang CN, Gerdts E, Aurigemma GP, Boman K, De Simone G, Dahlof B, et al.
Four-group classifcation of left ventricular hypertrophy based on ventricular
concentricity and dilatation identifes a low-risk subset of eccentric hypertrophy in
hypertensive patients. Circ Cardiovasc Imaging. (2014) 7(3):422-9. doi: 10.1161/
CIRCIMAGING.113.001275

11. Garg S, de Lemos JA, Ayers C, Khouri MG, Pandey A, Berry JD, et al.
Association of a 4-tiered classification of LV hypertrophy with adverse CV
outcomes in the general population. JACC Cardiovasc Imaging. (2015) 8
(9):1034-41. doi: 10.1016/j.jcmg.2015.06.007

12. Trachsel LD, Ryffel CP, De Marchi S, Seiler C, Brugger N, Eser P, et al. Exercise-
induced cardiac remodeling in nonelite endurance athletes: comparison of 2-tiered
and 4-tiered classification of left ventricular hypertrophy. PLoS One. (2018) 13
(2):1-12. doi: 10.1371/journal.pone.0193203

13. Brown B, Millar L, Somauroo ], George K, Sharma S, La Gerche A, et al. Left

ventricular remodelling in elite and sub-elite road cyclists. Scand | Med Sci Sport.
(2020) 30(7):1132-9. doi: 10.1111/sms.13656

Frontiers in Sports and Active Living

10.3389/fspor.2023.1270444

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.2023.
1270444 /full#supplementary-material

14. Schillaci G, Verdecchia P, Porcellati C, Cuccurullo O, Cosco C, Perticone F.
Continuous relation between left ventricular mass and cardiovascular risk in
essential hypertension. Hypertension. (2000) 35(2):580-6. doi: 10.1161/01.HYP.35.2.
580

15. Verdecchia P, Carini G, Circo A, Dovellini E, Giovannini E, Lombardo M, et al.
Left ventricular mass and cardiovascular morbidity in essential hypertension: the
MAVI study. ] Am Coll Cardiol. (2001) 38(7):1829-35. doi: 10.1016/S0735-1097(01)
01663-1

16. Levine BD, Baggish AL, Kovacs RJ, Link MS, Maron MS, Mitchell JH. Eligibility
and disqualification recommendations for competitive athletes with cardiovascular
abnormalities: task force 1: classification of sports: dynamic, static, and impact: a
scientific statement from the American heart association and American colle. ] Am
Coll Cardiol. (2015) 66(21):2350-5. doi: 10.1016/j.jacc.2015.09.033

17. Forsythe L, Maclver DH, Johnson C, George K, Somauroo J, Papadakis M, et al.
The relationship between left ventricular structure and function in the elite rugby
football league athlete as determined by conventional echocardiography and
myocardial strain imaging. Int J Cardiol. (2018) 261:211-7. doi: 10.1016/j.ijcard.
2018.01.140

18. Mosteller R. Simplified calculation of body surface area. N Engl ] Med. (1987)
317:1098. doi: 10.1056/NEJM198710223171717

19. Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, et al.
Echocardiographic assessment of left ventricular hypertrophy: comparison to
necropsy findings. Am ] Cardiol. (1986) 57(6):450-8. doi: 10.1016/0002-9149(86)
90771-X

20. Robinson S, Rana B, Oxborough D, Steeds R, Monaghan M, Stout M, et al. A
practical guideline for performing a comprehensive transthoracic echocardiogram in
adults: the British society of echocardiography minimum dataset. Echo Res Pract.
(2020) 7(4):G59-93. doi: 10.1530/ERP-20-0026

21. Losi MA, Imbriaco M, Canciello G, Pacelli F, Di Nardo C, Lombardi R, et al. Left
ventricular mass in hypertrophic cardiomyopathy assessed by 2D-echocardiography:
validation with magnetic resonance imaging. J Cardiovasc Transl Res. (2020) 13
(2):238-44. doi: 10.1007/s12265-019-09911-3

22. Klingbeil AU, Schneider M, Martus P, Messerli FH, Schmieder RE. A meta-
analysis of the effects of treatment on left ventricular mass in essential
hypertension. Am J Med. (2003) 115(1):41-6. doi: 10.1016/S0002-9343(03)00158-X

23. Laukkanen JA, Khan H, Kurl S, Willeit P, Karppi J, Ronkainen K, et al. Left
ventricular mass and the risk of sudden cardiac death: a population-based study.
J Am Heart Assoc. (2023) 3(6):e001285. doi: 10.1161/JAHA.114.001285

24. Oxborough D, Augustine D, Gati S, George K, Harkness A, Mathew T, et al. A
guideline update for the practice of echocardiography in the cardiac screening of
sports participants: a joint policy statement from the British society of
echocardiography and cardiac risk in the young. Echo Res Pr. (2018) 5(1):G1-10.
doi: 10.1530/ERP-17-0075

25. Bernardino G, Sanz de la Garza M, Domenech-Ximenos B, Prat-Gonzalez S,
Perea RJ, Blanco I, et al. Three-dimensional regional bi-ventricular shape
remodeling is associated with exercise capacity in endurance athletes. Eur ] Appl
Physiol. (2020) 120(6):1227-35. doi: 10.1007/s00421-020-04335-3

26. Schiros CG, Ahmed MI, Sanagala T, Zha W, McGiffin DC, Bamman MM, et al.
Importance of three-dimensional geometric analysis in the assessment of the athlete’s
heart. Am J Cardiol. (2013) 111(7):1067-72. doi: 10.1016/j.amjcard.2012.12.027

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fspor.2023.1270444/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2023.1270444/full#supplementary-material
https://doi.org/10.1161/01.CIR.101.3.336
https://doi.org/10.1249/JES.0000000000000102
https://doi.org/10.1249/JES.0000000000000102
https://doi.org/10.1016/j.jcmg.2016.08.011
https://doi.org/10.1093/eurjpc/zwad023
https://doi.org/10.1136/heartjnl-2012-303465
https://doi.org/10.1161/CIRCIMAGING.114.003454
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/0735-1097(92)90617-V
https://doi.org/10.1016/0735-1097(92)90617-V
https://doi.org/10.1161/CIRCIMAGING.109.883652
https://doi.org/10.1161/CIRCIMAGING.109.883652
https://doi.org/10.1161/CIRCIMAGING.113.001275
https://doi.org/10.1161/CIRCIMAGING.113.001275
https://doi.org/10.1016/j.jcmg.2015.06.007
https://doi.org/10.1371/journal.pone.0193203
https://doi.org/10.1111/sms.13656
https://doi.org/10.1161/01.HYP.35.2.580
https://doi.org/10.1161/01.HYP.35.2.580
https://doi.org/10.1016/S0735-1097(01)01663-1
https://doi.org/10.1016/S0735-1097(01)01663-1
https://doi.org/10.1016/j.jacc.2015.09.033
https://doi.org/10.1016/j.ijcard.2018.01.140
https://doi.org/10.1016/j.ijcard.2018.01.140
https://doi.org/10.1056/NEJM198710223171717
https://doi.org/10.1016/0002-9149(86)90771-X
https://doi.org/10.1016/0002-9149(86)90771-X
https://doi.org/10.1530/ERP-20-0026
https://doi.org/10.1007/s12265-019-09911-3
https://doi.org/10.1016/S0002-9343(03)00158-X
https://doi.org/10.1161/JAHA.114.001285
https://doi.org/10.1530/ERP-17-0075
https://doi.org/10.1007/s00421-020-04335-3
https://doi.org/10.1016/j.amjcard.2012.12.027
https://doi.org/10.3389/fspor.2023.1270444
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

McGregor-Cheers et al.

27. Pelliccia A, Caselli S, Sharma S, Basso C, Bax JJ, Corrado D, et al. European
association of preventive cardiology (EAPC) and European association of
cardiovascular imaging (EACVI) joint position statement: recommendations for the
indication and interpretation of cardiovascular imaging in the evaluation of the
athlete’s he. Eur Heart J. (2018) 39(21):1949-69. doi: 10.1093/eurheartj/ehx532

28. Fabidn A, Ujvari A, Tokodi M, Lakatos BK, Kiss O, Babity M, et al. Biventricular
mechanical pattern of the athlete’s heart: comprehensive characterization using three-
dimensional echocardiography. Eur ] Prev Cardiol. (2022) 29(12):1594-604. doi: 10.
1093/eurjpc/zwac026

29. Helak JW, Reichek N. Quantitation of human left ventricular mass and volume
by two-dimensional echocardiography: in vitro anatomic validation. Circulation.
(1981) 63(6):1398-407. doi: 10.1161/01.CIR.63.6.1398

30. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, et al.
Recommendations for chamber quantification: a report from the American society of
echocardiography’s guidelines and standards committee and the chamber
quantification writing group, developed in conjunction with the European
association of echocardiograph. ] Am Soc Echocardiogr. (2005) 18:1440-63. doi: 10.
1016/j.ech0.2005.10.005

31. Harkness A, Ring L, Harkness A, Mbbs LR, Augustine DX, Oxborough D, et al.
Normal reference intervals for cardiac dimensions and function for use in
echocardiographic ~ practice: a  guideline from the British society of
echocardiography. Echo Res Pract. (2020) 7:1-18. doi: 10.1530/ERP-19-0053

32. Triulzi M, Gillam L, Gentile F, Newell J, Weyman A. Normal adult cross-

sectional echocardiographic values: linear dimensions and chamber areas.
Echocardiography. (1984) 1(4):403-26. doi: 10.1111/j.1540-8175.1984.tb00173.x

Frontiers in Sports and Active Living

09

10.3389/fspor.2023.1270444

33. Utomi V, Oxborough D, Ashley E, Lord R, Fletcher S, Stembridge M, et al.
Predominance of normal left ventricular geometry in the male “athlete’s heart”.
Heart. (2014) 100(16):1264-71. doi: 10.1136/heartjnl-2014-305904

34. Morganroth ], Maron BJ, Henry W, Epstein S. Comparative left ventricular
dimensions in trained athletes. Ann Intern Med. (1975) 82(4):521-4. doi: 10.7326/
0003-4819-82-4-521

35. Haykowsky MJ, Samuel TJ, Nelson MD, La Gerche A. Athlete’s heart: is the
morganroth hypothesis obsolete? Hear Lung Circ. (2018) 27(9):1037-41. doi: 10.
1016/j.hlc.2018.04.289

36. Pedlar CR, Brown MG, Shave RE, Otto JM, Drane A, Michaud-Finch J, et al.
Cardiovascular response to prescribed detraining among recreational athletes. J Appl
Physiol. (2018) 124(4):813-20. doi: 10.1152/japplphysiol.00911.2017

37. Millar LM, Fanton Z, Finocchiaro G, Fernandez GS-, Dhutia H, Malhotra A,
et al. Differentiation between athlete ‘ s heart and dilated cardiomyopathy in
athletic individuals. Heart. (2020) 106(14):1059-65. doi: 10.1136/heartjnl-2019-
316147

38. Pelliccia A, Solberg EE, Papadakis M, Adami PE, Biffi A, Caselli S, et al.
Recommendations for participation in competitive and leisure time sport in athletes
with cardiomyopathies, myocarditis, and pericarditis: position statement of the
sport cardiology section of the European association of preventive cardiology
(EAPC). Eur Heart J. (2019) 40(1):19-33. doi: 10.1093/eurheartj/ehy730

39. D’Ascenzi F, Anselmi F, Piu P, Fiorentini C, Carbone SF, Volterrani L, et al.
Cardiac magnetic resonance normal reference values of biventricular size and
function in male athlete’s heart. JACC Cardiovasc Imaging. (2019) 12(9):1755-65.
doi: 10.1016/}.jcmg.2018.09.021

frontiersin.org


https://doi.org/10.1093/eurheartj/ehx532
https://doi.org/10.1093/eurjpc/zwac026
https://doi.org/10.1093/eurjpc/zwac026
https://doi.org/10.1161/01.CIR.63.6.1398
https://doi.org/10.1016/j.echo.2005.10.005
https://doi.org/10.1016/j.echo.2005.10.005
https://doi.org/10.1530/ERP-19-0053
https://doi.org/10.1111/j.1540-8175.1984.tb00173.x
https://doi.org/10.1136/heartjnl-2014-305904
https://doi.org/10.7326/0003-4819-82-4-521
https://doi.org/10.7326/0003-4819-82-4-521
https://doi.org/10.1016/j.hlc.2018.04.289
https://doi.org/10.1016/j.hlc.2018.04.289
https://doi.org/10.1152/japplphysiol.00911.2017
https://doi.org/10.1136/heartjnl-2019-316147
https://doi.org/10.1136/heartjnl-2019-316147
https://doi.org/10.1093/eurheartj/ehy730
https://doi.org/10.1016/j.jcmg.2018.09.021
https://doi.org/10.3389/fspor.2023.1270444
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Comparison of echocardiographic methods for calculating left ventricular mass in elite rugby football league athletes and the impact on chamber geometry
	Introduction
	Methods
	Study population and design
	Procedures
	Anthropometry
	Conventional 2D echocardiography

	Categorisation
	Statistical analysis

	Results
	Comparison of left ventricular mass
	Classifications of LV geometry

	Discussion
	Comparison of LV mass
	Two-tier vs. four-tier
	Clinical implications
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


