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Assessment of Mechanical Cardiac Function in Elite Athletes

J. Patrick Neary*l, David S. MacQuarriel, Veronica Jamnikz, Norman Gledhillz, Scott Gledhill® and
Edward F.G. Busse'

"University of Regina, Regina, SK, Canada

>York University, Toronto, ON, Canada

$Toronto General Hospital, Toronto, ON, Canada

Abstract: Hypertrophic cardiomyopathy (HCM) is the number one cause of sudden cardiac death in elite athletes. This
project used resting 12-lead electrocardiography (ECG) and ballistocardiography (BCG) to assess cardiac cycle timing
events as simple screening techniques to rule out cardiac abnormalities for the safety of a group of elite ice hockey
players. Clinical cardiac (ECG) and physiological (maximal aerobic power [VO,max], anaerobic [Wingate peak power,
Watts] and musculoskeletal strength) data is presented here on an elite group of ice hockey players (n=34; age=17-18 yrs)
that participated in a professional medical and fitness evaluation. Subsequently one subject was diagnosed with #1 Apical
HCM and his cardiac data is compared with the group. The HCM subject performed all fitness testing and was determined
to be physically fit (%BF=7.2%; VO,max=59.4 mL+kg'*min™'; Wingate peak power output=15.1 Wattkg"; Heart Rate
max=200 beatsemin™"). However, the ECG showed extreme voltage and deeply inverted T-waves, and the BCG showed
abnormal waveform complexes and cardiac timing events in comparison to the group means. Mean BCG systolic timing
events for isovolumic contraction time (54.7+7.1 vs 49.5+12.4 msec), acceleration time (49.1+£1.8 vs 56.3+9.1 msec),
diastole (470.8+25.3 vs 531.4+£166.7 msec), and isovolumic relaxation time (88.5+£7.4 vs 100.8+ 16 msec) were
significantly different (p<0.05). Atrial systole amplitude was statistically higher for this subject (9.2+3.7 vs 5.3+3 mG).
Subsequent follow-up assessment showed abnormal echocardiogram (Echo) dimensions (ventricular septum [12mm];
posterior wall [16 mm]), velocities (mitral valve deceleration [233 msec], LV systolic strain [14%]), and volumes (LV
stroke volume [38 mLemetre’! body surface area]), with normal E:A ratio (1.75) and LV ejection fraction (62%). Cardiac
magnetic resonance imaging (MRI) showed apical septal wall thickness (24-25 mm) in the HCM player. In conclusion,
BCG was able to corroborate a cardiac abnormality that was later confirmed with echocardiography and MRI, suggesting

that BCG is a potential technology to detect anomalies that alter cardiac timing and amplitude.
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INTRODUCTION

Chronic intensive or extreme endurance training is
associated with very distinct structural and functional cardiac
adaptations, some of which may lead to variations of hypertro-
phic cardiomyopathy (HCM). The complexity of diagnosis of
HCM is clinically problematic [1, 2]. One form of HCM termed
the “athletic heart” [3] is characterized by both cardiac tissue
and cardiovascular system adaptations which allow intense
exercise to be sustained for prolonged periods of time, such as a
marathon or triathlon, or for intermittent sports such as
basketball or ice hockey. Sports such as ice hockey for example
require high levels of all fitness parameters including aerobic,
anaerobic and muscular strength and therefore extreme levels of
exercise training are required that this could lead to an “athletic
heart”. Another form of HCM, a pathological form, is the result
of a genetic disorder that is prevalent in approximately 0.2% of
the population [4, 5]. It is characterized by electrically unstable
myocardial substrate, a disorganized cellular architecture,
ischemia, cell death, and replacement scarring [2, 6].
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Although the prevalence rate of pathological HCM is
extremely low, the literature suggests that it accounts for 36-
50% of “sudden unexpected cardiac death” in competitive
athletes from all sports [7, 8]. However, recent reports
suggest that sudden cardiac death in athletes is extremely
low (~1 in 400,000 athletes) [2] and is more prevalent in
males than females [9]. Previous research conducted in
regions of Italy that are well known for congenital cardiac
complications have screened young athletes since the late
1970’s to further reduce the rate of mortality [10]. However,
there is much controversy in the literature as to whether pre-
participation screening should be conducted on young
athletes because of the low incidence rate of HCM, and the
cost effectiveness of performing comprehensive testing [7,
11-16].

There are a number of non-invasive techniques used to
assess  athletes and  diagnose @ HCM, including
electrocardiography (ECG), echocardiography (Echo), and
cardiac magnetic resonance imaging (MRI). Pathological
HCM is generally asymptomatic at rest, and is characterized
by a number of cardiac abnormalities. The more common
ECG abnormalities are ST-T changes, including prominent
T-wave inversion, abnormal Q waves, and abnormal
progression of the R-wave voltages across the precordial
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leads, and at times, signs of left atrial enlargement [8, 17,
18]. However, the ECG is not always reliable to assess
pathological HCM [19], and thus cardiac problems can
potentially go undetected. Standard two-dimensional guided
M-mode and Doppler Echo are commonly used to evaluate
left ventricular morphology and function [20]. With Echo,
pathological HCM is characterized by left and right chamber
alterations including LV septal anomaly, posterior wall
thickness, impaired ventricular diastolic filing, increased
ventricular stiffness and mitral valve systolic anterior motion
(SAM). Cardiac MRI is likewise useful to localize and
quantify cardiac hypertrophy, as it is capable of measuring
both ventricles to detect biventricular hypertrophy [21-23].
All of these methods have their distinct advantages, and
when combined, provide the clinician with a thorough and
reliable methodology for diagnosing HCM [24]. However,
some of these techniques are not readily accessible and are
time consuming, especially if many individuals are being
assessed at the same time, such as for Olympic, national or
professional sports teams.

Ballistocardiography or seismocardiography was used in
the 1940’s, 50’s and 60’s to record the ultra low frequency
vibrations of the heart, thus allowing the measurement of the
cardiac cycle events including timing, durations and
amplitudes of contraction [25-28]. Later, the technology was
refined by Salerno and colleagues to show that cardiac cycle
timing events at rest could be recorded reliably using this
technology [29, 30]. Today, because of micro-processors and
advanced computer technology a digitized signal
representing the cardiac cycle is possible. Hence, the BCG is
a recording of the motion of the lower sternum resulting
from the movement and contraction of the heart. The
primary data sensed by the BCG device are the directional
units of acceleration and time which can be interpreted in
relation to the classic ECG cardiac time intervals. Thus, the
BCQG illustrates the mechanical performance (i.e., timing and
force) of contraction and relaxation of the heart during each
cardiac cycle. However, because an abnormal 12-lead ECG
is not always found in HCM patients [19, 31, 32], and ECG
is not always reliable in providing clinical evidence for other
cardiac abnormalities that are potentially lethal [33], we used
BCG to evaluate 34 elite ice hockey players to examine its
potential utility as a screening and clinical research device.
Ballistocardiography has a distinct advantage over ECG as it
can provide additional information about the cardiac cycle
timing events, durations and contractility changes, and it has
been correlated with Echo [34]. Furthermore and perhaps
most importantly, only resting BCG samples are needed to
evaluate potential cardiac complications and the assessment
can be completed in a matter of minutes.

Given the fact that elite athletes such as hockey players
are potentially at risk for HCM, and given the potential of
not detecting HCM on routine medical screening [2, 33]
without the aid of Echo [11, 24, 35], we hypothesized that if
our group of elite athletes had cardiac complications then
BCG could detect cardiac changes under resting conditions.
Thus, the primary purpose of this study was to screen a
group of elite ice hockey players using BCG and ECG to
detect potential cardiac problems, and a secondary purpose
was to gather normative cardiac data using BCG on elite ice
hockey players for subsequent comparison with other
athletic groups. To our knowledge, BCG has not been used
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for screening of elite athletes. It was fortuitous during our
medical screening that we did detect a cardiac abnormality,
and we present these data here.

METHODS
Subjects

In this study, written informed consent was obtained
from 34 elite male ice hockey players (age=18.0+£0.5 yrs;
Ht=186.9+5.4 cm; Mass=86.8+6.9 kg) who were invited to
undergo a comprehensive medical and fitness screening
protocol. The physical characteristics of the group were not
different from the single subject that was subsequently
diagnosed with HCM. The nature and objectives of this
study precluded the need for a control group.

Experimental Protocol
Medical Examination

Following the signed informed consent, a medical
examination was performed by the attending physician who
included a resting 12-lead ECG (ELI 100/ST Mortara
Instrument Inc; Milwaukee, WI, USA) and auscultation of
the pericardium. In addition, a technician conducted a 30-sec
BCG using a ballistocardiograph device (Heart Force
Medical Inc., Vancouver, BC, Canada). At the time of the
examination, the attending physician who conducted the
auscultation and reviewed the ECG suspected an
abnormality in one of the hockey players. The BCG
technician also detected the anomaly. The subject was
allowed to continue all fitness testing (see below) but under
the watchful eye of trained certified specialists with an
emergency physician and defibrillator present at all times.
After the conclusion of all testing and medical monitoring,
further evaluation of the 12-lead ECG (Fig. 1) by a
cardiologist was performed and the subject was then referred
for extensive cardiac analysis by a cardiac consultant (Echo,
cardiac MRI, haematology, stress exercise test) as standard
medical procedure. The comprehensive cardiac follow-up
assessment was performed within 3 weeks of the initial
medical examination. No other subjects presented with
abnormal cardiac characteristics.

HCM Subject Medical History

The subject confirmed that he was normally healthy, and
asymptomatic, had not reported any chest pressure, chest
pain, dyspnea, palpitations, syncope, or near syncope
previously during any physical exertion. There was no
known family history of pathological HCM at the time of
assessment, but hypertension and hyperlipidemia are
reported in the family. The subject reported not using
tobacco, alcohol, or other drugs. He had a normal lipid and
haematology profile. However, the subject had abnormally
high B-Type natriuretic peptide (BNP) (96 pgrmL™; normal
= <35 pg'mL™). No prior cardiac complications had been
reported previously.

Ballistocardiography (BCG)

A single 30-sec BCG was recorded simultaneously with
12-lead ECG under quiet resting conditions in the supine
position during the medical examination which was
performed prior to any physical exercise. The BCG sensor
was placed 1 cm above the xiphoid process on the sternum
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Fig. (1). 12-lead electrocardiogram (ECG) of the HCM subject showing normal sinus thythm. However, note ST segment abnormality and

inverted T-wave in Leads I, 11, III, V4, V5 and V6.

of the chest. All subjects were asked to “completely relax
and breathe normally” during the recording. The BCG
system comprises a 20-gram factory calibrated sensor (to
record the mechanical functioning of the heart), a recording
device (with Bluetooth™ technology for telemetry data
transfer), and a laptop computer containing the proprietary
software for storage and subsequent analysis of the BCG
waveforms. The nomenclature described by Scarborough et
al., [36] and Crow ef al., [34] was used to analyse the BCG
waveform and is described in the caption for Fig. (2).

The BCG device provides a record of the motion of the
lower sternum resulting from the movement of the heart
during each cardiac cycle. The movement is sensed by an
accelerometer and processed digitally to be displayed with
the accelerator amplitudes as the vertical axis and time as the
horizontal axis. Measurement of acceleration is expressed in
milligravity (mG) units and time is recorded in milliseconds
(msec). A Lead-II ECG configuration is sensed and recorded
simultaneously with the BCG within the sensor device.

The ballistocardiogram was later analysed off-line for
cardiac cycle systolic and diastolic timing events (Q-wave of
ECG to mitral valve close, Q to aortic valve open, Q to J-
wave (rapid ejection period), Q to mitral valve open, Q to
early diastolic filling wave, Q to late diastolic filling wave,
systole, diastole, isovolumic contraction time [IVCT],
pressure %2 time [P%T], isovolumic relaxation time [[VRTY]),
E:A ratio and amplitude (G-wave, AVO, MVO, ED-wave,
LD-wave) by the BCG technician who was “blinded” to the
Echo and MRI data. On average, 31+6 waveforms were
annotated then averaged (= SD) for each cardiac variable list

above. In our laboratory, intra-observer and inter-observer
variability is r=0.96 and 0.94, respectively. See Fig. (2) for
the nomenclature listed here [34].

Fitness Testing

Standardized fitness testing protocols performed
according to Burr et al., [37] were used to assess all fitness
parameters used in this study. A 30-sec modified Wingate
test performed on the Monark 834E Wingate ergometer was
used to assess anaerobic performance, while aerobic power
(VO,max) was assessed on the Monark 828 cycle ergometer
(Table 1a). The assessment of musculoskeletal fitness
included grip strength, a 150-Ib bench press in time to a
metronome (set at 50 bemin™), pull and push strength (Table
1b), vertical jump and standing long jump, push-ups, curl-
ups, and trunk flexibility (sit & reach) (Table 1¢). Telemetry
heart rate (Suunto, Ogden, UT, USA) was recorded
continuously throughout the fitness testing.

A stress-ECG test was also performed on the HCM
subject during follow-up analysis with the metabolic
pulmonary gas exchange results confirming those attained at
the combine medical and fitness testing. The physiological
fitness testing data included here confirmed that the HCM
subject was physically fit in comparison to his cohort.

Echocardiography (Echo)

After the initial examination, a comprehensive two-
dimensional apical visualization, M-mode and Doppler
echocardiography was performed to assess ventricular
morphology, dynamic left ventricular outflow obstruction,
and systolic anterior motion of the mitral apparatus on only
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Fig. (2). Ballistocardiogram (BCG) illustrating the cardiac cycle timing events and waveform amplitudes. (a) A representative (“normal”)
BCG from one hockey player of the cohort group; (b) BCG from the hypertrophic cardiomyopathy (HCM) hockey player showing the
complete cardiac cycle; (¢) BCG from the HCM hockey player showing the aberrant waveform immediately following the early diastolic
filling (ED) waveform; (d) BCG from the HCM hockey player showing the bifurcation on the aortic valve open (AVO) waveform; (e¢) BCG
from the HCM hockey player showing the bifurcation on the mitral valve open (MVO) waveform.

the HCM player using commercially available ultrasound certified Echo sonographer performed all measurements
equipment. All images were acquired with the subject lying under the direction of the attending cardiac consultant with
in the left lateral decubitas position. The heart chambers procedures reported previously [38, 39], and both were
volume, flow velocity, dimensions, and valve functions are “blinded” to the BCG data.

presented in Table 2 and Fig. (5) (see Results). The same
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Table 1a. Anaerobic and Aerobic Fitness Variable Results for the Hypertrophic Cardiomyopathy (HCM) Subject and Group
Results for the 33 Elite Male Ice Hockey Players (Values are Mean = SD)

Measured Variable HCM Player Group Data
Peak Power Output (Watts) 1283.8 1146.8 (118)
Peak Power Output (Wkg™) 15.1 13.3 (1.0)
Mean Power Output (Watts) 977.5 879.1 (85.3)
Anaerobic Fitness Mean Power Output (W-kg™") 11.5 10.2 (0.6)
Heart Rate Max (bpm) 194 192 (7)
Heart Rate, one minute post-test (b-min™) 149 168 (12)
Fatigue Index % Drop-Off From Peak 52.5 50.5(5.4)
VO,max (L'min™") 5.05 4.79 (0.5)
VO,max (mLkg"'min™) 59. 4 55.2 (4.5)
Aerobic Fitness Peak HR (b'min™) 200 190 (7)
Duration of Test (min:sec) 15:00 12:17 (1:41)
Final Workload (Watts) 680 570 (65)

Table 1b. Lower Body Musculoskeletal Fitness Results for the Hypertrophic Cardiomyopathy (HCM) Player and Group Results for
the 33 Elite Male Ice Hockey Players (Values are Mean + SD)

Measured Variable HCM Player Group Data

Standing Long Jump (cm) 274.3 259.1 (15.2)
Vertek Vertical Jump Pause (cm) 69.22 63.5(7.6)
Vertek Leg Power Pause (Watts)

Average (Lewis) 1528.2 1482 (153)

Peak (Sayers) 5997.2 5702 (574)

Musculoskeletal Fitness: Lower Body Vertek Vertical Jump No Pause (¢cm) 74.3 66 (7.6)

Vertek Leg Power No Pause (Watts)

Average (Lewis) 1584.4 1518 (153)

Peak (Sayers) 6305.5 5892 (566)
Curl-Ups (max #) 13 19
Sit & Reach (cm) 48 39

Table 1c. Upper Body Musculoskeletal Fitness Results for the Hypertrophic Cardiomyopathy (HCM) Player and Group Results for
the 33 Elite Male Ice Hockey Players (Values are Mean + SD)

Measured Variable HCM Player Group Data
Right Hand Grip (Ib) 154 125 (14)
Left Hand Grip (Ib) 140.8 122 (14)
Bench Press (# of 150-1b reps) 12 11(5)
Bench Press (Ib-Ib” body mass) 9.63 8.70 (3)
Push-Ups (max #) 32 28 (8)
Musculoskeletal Fitness: Upper Body Push-Ups x Body Weight (1b) 5984 5264 (1494)
Push Strength (1b) 220.1 258 (48)
Push Strength (Ib-Ib” body mass) 1.18 1.36 (0.26)
Pull Strength (Ib) 275.6 258 (27)
Pull Strength (Ib-Ib” body mass) 1.47 1.36 (0.15)
Upper Body Power 4 kg Ball (cm) 513.1 528.3(43.2)
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Table2. Echocardiography and Cardiac MRI Results for the Hypertrophic Cardiomyopathy (HCM) Subject in Comparison to
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Normal Ranges. Asterisks Denotes Different from the Normal Range

Measured Variable

HCM Subject

Normal Range

LV End Diastolic Volume (mL-m?) 55 56-108
LV End Systolic Volume (mL-m?) 17 9-41
LV Stroke Volume (mL-m?) 38% 40-72
LV Ejection Fraction (%) 68 57-81
Left Ventricular Function Dimensions (diastole) (mm) 51 42-56
Dimensions (systole) (mm) 33 25-37
LV Mass (g) 300
LV End Diastolic Mass (g'm?) 128* 45-81
LV Mass Index (g'm?) 143 50-70
RV End Diastolic Volume (mL-m?) 79 66-126
RV End Systolic Volume (mL-m?) 35 19-59
Right Ventricular Function
RV Stroke Volume (mL) 43 41-73
RV Ejection Fraction (%) 54 41-71
Strain Imaging Average Lateral Ventricular Systolic Strain (%) 14* >18
Ventricular Septum Thickness (diastole) (mm) 12* 8-11
Posterior Wall Thickness (diastole) (mm) 16* 8-12
Left Atrium Volume Index by A-L Method (cc'm?) 33* 16-28
Mitral Valve Diastolic Deceleration Time (msec) 233* 144-220
Pulmonary Valve Systolic (Valve Area) PV Peak Velocity (CWD) (m-sec™) 1.2* 0.4-1.0
MRI of the Heart Apical Septal Wall Thickness (mm) 24% 5-15

Asterick (*) indicates the value is different from the normal range.

Briefly, standard echocardiographic data included left
ventricular (LV) size and systolic function, including resting
left ventricular outflow tract (LVOT) velocity, and peak
systolic strain were examined. Ejection fraction was
determined using either visual estimate, 2D (Quinone’s
method) or M-mode echocardiography. Maximal wall
thickness was assessed using the 2D parasternal view to
obtain measurements from the thickest portion of the
ventricular septum. In all cases, the septum was the thickest
portion of the left ventricular myocardium. Left atrial (LA)
size was determined by measuring the 2D area of the left
atrium obtained in the standard four-chamber and two-
chamber apical views in both the long- and short-axis and
averaging the results. Other LV diastolic function
parameters, including E peak velocity, e’, medial mitral
annulus velocity, tricuspid regurgitation velocity, and
pulmonary vein flow velocities were also evaluated using
standard echocardiography procedures [24, 39].

Magnetic Resonance Imaging (MRI)

Cardiac MRI was used to localize, quantify and diagnose
the apical HCM. Magnetic resonance imaging is of particular
value in HCM when used together with two-dimensional
echocardiography to document the site and extent of
hypertrophy, especially in apical HCM [40].

All images were scanned on a 1.5 Tesla GE Sigma Excite
Twin Speed clinical scanner (General Electric Medical
Systems, Milwaukee, WI, USA) using appropriate 4- or 8-
element cardiac phased-array receiver coil. The cardiac MRI
scans were taken under normal resting conditions at
approximately 0800 hr following a good night’s sleep.
Multiple short- and long-axis slices were recorded from the
base to the apex of the entire ventricles. The cardiac MRI
scans provided here (Fig. 4) are used to illustrate and
confirm apical HCM.

Statistical Analyses

The HCM subject and group data are expressed as mean
(xSD) where applicable. The comparison of cardiac
performance dependent variables taken from the BCG
(timing and amplitude) between the HCM subject and group
data was conducted using an independent Student T-test,
with significance set at alpha p<0.05.

RESULTS
Physical Characteristics

The physical characteristics for all athletes reveal that the
group was relatively homogeneous, with the HCM subject
having less body fat (9.7% vs 7.2%). The physiological
fitness testing results for all athletes are presented in Table
la (anaerobic and aerobic fitness), and 1b and Ic
(musculoskeletal fitness). These results showed that the
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HCM subject had a similar anaerobic, aerobic and
musculoskeletal fitness as the cohort group of hockey
players, indicating a high level of physical fitness.

Electrocardiogram (ECG)

The ECG showed waveform patterns typical of HCM.
Although the HCM subject was in normal sinus rhythm
throughout the medical assessment (range = 52 — 123
beats/minute; average = 67 beats/minute), Fig. (1) shows
deeply inverted T-waves in the precordial leads, and resting
ST segment abnormality considered to be anterolateral
ischaemia. No premature ventricular complexes (PVC’s)
were evident, only occasional supraventricular premature
complexes (SVPC) were observed. The PR interval and QRS
duration were normal at 164 msec and 102 msec,
respectively.

During the maximal incremental cycle test at the medical
and fitness assessment combine (and the advanced cardiac
stress assessment laboratory), the HCM subject reached
maximal levels of exertion (VO,max = 59.4 mL-kg'l-min'l;
200 b-min™") and the test was terminated when there was no
further increase in VO, with increasing work levels. The
maximal stress test ECG was abnormal, but there was a
normal blood pressure and heart rate frequency response to
maximal exercise. No chest pain was reported during the
stress test and only minor arrhythmias were noted.

Ballistocardiogram (BCG)

The BCG waveforms are presented in Fig. (2a-e), and the
calculated cardiac timing and amplitude changes from the
BCG are presented in Fig. (3a, b). These data demonstrate
both normal and abnormal cardiac cycle performance.

Cardiac MRI

The final impressions of the cardiac MRI for the HCM
subject confirm apical morphological subtype hypertrophic
cardiomyopathy with the greatest thickness measuring 24-25
mm in the apical septum (Fig. 4). Closer evaluation showed
asymmetrical hypertrophy of the left ventricle with patchy
foci of delayed myocardial enhancement within the
hypertrophied portion of the apex consistent with fibrosis.
The anterior septal segments at the base measured 12-13
mm. Systolic function was preserved, with no dynamic mid-
cavity or LV outflow tract (LVOT) obstruction, and systolic
anterior motion of the mitral valve (SAM) was not detected.
Normal cardiac MRI values are reported in Table 2 for
comparison.

Echocardiography (Echo)

The Echo results for the pathological HCM subject are
illustrated in Table 2, and showed that clinical differences
exist between the HCM subject and normal valves reported
in the literature [24, 41]. Fig. (5) shows an apical 2D view
confirming #1 apical HCM (New York Heart Association
Class 1) in this subject.

DISCUSSION

Hypertrophic cardiomyopathy is the leading cause of
unexpected sudden cardiac death in young athletes [2, 42,
43]. Echocardiography and cardiac MRI are non-invasive
techniques that are most specific and sensitive to
successfully diagnose athletes with HCM [44-46]. However,
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these techniques are not always available and are expensive
to perform, especially for mass testing of athletic teams.
Thus, a simple and effective screening method that would
reduce the cost of testing and identify cardiac anomalies
would be appropriate initially. We believe our study is novel
in two respects: (1) in a review of the literature we found no
studies that used BCG for screening elite athletes [47, 48],
and (2) the BCG did detect a cardiac abnormality in a subject
at rest which was later diagnosed and confirmed by a cardiac
consultant to be #l Apical HCM, New York Heart
Association Class 1 by using the combined findings from the
ECG, Echo and cardiac MRI [49].

Some researchers have suggested that testing every
athlete is impractical [7]. However, we believe that BCG has
the potential to be used as a front-line screening device
during mass testing of athletes. Furthermore, based on the
novel results of our study we suggest that combined ECG
and BCG could potentially be used as an inexpensive
screening procedure for mass athletic testing to assess
cardiac abnormalities [44]. Compromised athletes could then
be sent for advanced medical follow-up (Echo, cardiac MRI)
as conducted here in an attempt to differentiate the “athletic”
heart from a pathological condition [24, 46].

During mass athletic testing, one goal would be to detect
the athlete that is predisposed to an abnormal electrical or
mechanical functioning of the heart [2, 50]. Together with
ECG, our efforts using BCG in this study allowed us to
detect an abnormal mechanical functioning of the heart
under resting conditions. Although Echo is more sensitive
and specific for HCM identification (see Figs. 4, 5), the
advantage of adding BCG to the screening protocol is that
cardiac timing and waveform amplitude (mG) can be
determined and compared with the entire athletic group to
differentiate suspected athletes based on mechanical cardiac
variables, and this can be performed in a much shorter time
period (3-4 minutes for BCG vs 20-30 minutes for Echo).
Furthermore, BCG has been correlated with Echo previously
[34].

As shown in Figs. (2a-e), we noted structurally abnormal
waveforms in both the diastolic and systolic phases of the
cardiac cycle (Fig. 2c-e) in comparison to a representative
player (Fig. 2a). Previous research has shown that individuals
diagnosed with HCM demonstrated diastolic dysfunction [5,
21], and it is suggested that this can be differentiated from those
individuals that have physiological hypertrophy resulting from
exercise training [21, 44, 51, 52]. In Fig. (2¢), it can be seen
immediately following the early diastolic (ED) filling wave (E-
wave on Echo) an unusually “aberrant” waveform appeared
which reflects what we think is regurgitation following mitral
valve open (MVO). Likewise, as noted in Fig. (2e) we
document a bifurcation on the MVO signal. During the follow-
up comprehensive assessment, the attending cardiac consultant
noted mild mitral valve regurgitation from the Echo images.
Based on the Echo data presented in Table 2, this subject has a
diastolic function abnormality (e.g., deceleration time, 233
msec). The BCG data also demonstrated that this HCM subject
had shorter diastolic phase when compared to the group cohort
(470.8 £ 25.3 vs 5314 £ 167.7 msec; p<0.05). A reduced
diastolic filling period could suggest a “stiffer” heart and/or
reflect differences in flow dynamics, which was evident from
the late diastolic filling (LD) wave amplitude (Fig. 3b).
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Fig. (3a). Systolic timing (msec) and amplitude (mG) results for the HCM subject in comparison to cohort group (n=33) means taken from
the BCG. Values are mean + SD based on 3146 annotated waveforms of the BCG. Asterisks (*) indicates significantly different between the

HCM subject and group mean (p<0.05).

The BCG waveform shown in Fig. (2d) presents a
bifurcation on the aortic valve open (AVO). However, upon
further examination of the Echo results we determined that
this may be latency in the opening of the pulmonic valve,
with the first peak confirming the AVO, and the second peak
resembling the pulmonic valve opening signal (personal
communication, Dr. Kwan-Leung Chan, Ottawa Heart
Institute). The latency period between the opening of the
aortic valve and pulmonic valve for the HCM subject was on
average 12.6 + 1.6 msec, with 77% of his systolic AVO
waveforms exhibiting this split. We noted that in the BCG
(Fig. 2a) of a representative hockey player randomly selected

from the group the frequency of this bifurcation was < 1%.
However, of all other players (n=33) tested during the
professional assessment combine, ~ 29% (n=9) showed this
aberrant waveform. Future research will help to elucidate the
mechanism of this event, or whether it is pathological or a
physiological adaptation to the high intermittent exercise
training performed in ice hockey. Current heart failure
literature suggests that this observation is reflective of
interventricular dyssynchrony [53].

We were interested in comparing both the timing and
amplitude (contractility) changes between the total group and
the HCM subject. Although many of the timing parameters
taken from the BCG revealed significant differences between
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Fig. (3b). Diastolic timing (msec) and amplitude (mG) results for the HCM subject in comparison to cohort group (n=33) means taken from
the BCG. Values are mean + SD based on 3146 annotated waveforms of the BCG. Asterisks (*) indicates significantly different between the

HCM subject and group mean (p<0.05).

the HCM subject and the group mean, we selected
representative cardiac cycle systolic (Fig. 3a) and diastolic
(Fig. 3b) events for ease of comparison. From this data, we
observed that during systole the pressure half-time (P'T;
time between AVO and rapid ejection) was significantly
shorter (49.1 = 1.8 vs 56.3 £ 9.1 msec), and isovolumic
contraction time (IVCT) was significantly longer (54.7 + 7.1
vs 49.5 + 12.4 msec) in our HCM subject. In addition,
cardiac contractility as defined here by the amplitude of the
waveforms, showed atrial systole (9.2 + 3.7 vs 5.3 = 3.0 mG)
and rapid ejection (7.1 + 3.8 vs 5.0 £ 3.8 mG) were
significantly higher in the HCM subject. This observation
would indicate that transmitral pressure was elevated in the
HCM subject, which was confirmed by the Echo data. Thus,

collectively the BCG systolic data would suggest a more
powerful systolic ejection (likely related to LV and septal
mass) and an elevated atrial pressure (as indicated by the
increased atrial systolic filling wave) in the HCM subject.

During diastole, the isovolumic relaxation time (IVRT)
(88.5 £ 7.4 vs 100.8 £ 16.0 msec) and the diastolic filling
period (470.8 £ 253 ws 5314 £ 167.7 msec) were
significantly shorter for the HCM subject and only the late
diastolic filling wave (LD) was significantly higher in
amplitude (8.8 = 3.1 vs 5.3 £ 3.0 mG) in the HCM subject
(Fig. 3b). Taken together, these results suggest that the HCM
subject has altered diastolic function relative to his cohorts.
The Echo data support the BCG observations. Lauschke and
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Fig. (4). Cardiac magnetic resonance imaging (MRI) images of the hypertrophic cardiomyopathy (HCM) hockey player’s heart illustrating
apical hypertrophy of the ventricular cardiac muscle mass during both systole and diastole.

co-workers have suggested that changes in diastolic function
maybe important to help clarify differences between the
“athletic” and “pathological” heart [54], and thus warrants
further investigation.

This study advances our understanding of HCM, but
more detailed studies comparing Echo, cardiac MRI and
BCG are required to confirm the sensitivity and specificity
of the BCG in detecting cardiac anomalies. In its present
form, the BCG sensor is not specific to different clinical
cardiac conditions. However, the BCG sensor used in this
study was extremely sensitive to cardiac performance
changes and wall motion. This was clearly illustrated from
the BCG tracings displayed in Fig. (2a-e). With this device
we also analyzed on average 31 + 6 BCG waveforms for all
players (n=34) relatively quickly, and thus generated a large
data set so that we could examine any number of cardiac
performance variables. In its present state, only an
“abnormal” BCG waveform can be identified but this
identification lead us to probe further and perform a more

thorough examination of the ECG, resulting in a more
comprehensive cardiac assessment of this elite ice hockey
player. Furthermore, the added value of the BCG is that
cardiac cycle timing and durations can be quickly calculated
and can then be compared directly with group results to
determine potential “outliers”. However, another limitation
of BCG is that it cannot be used to differentiate between
non-pathological and pathological HCM.

CONCLUSION

Although basic ECG continues to be a vital and cost
effective front-line screening tool [44], it is our contention
that the simultaneous measurement of BCG can provide
additional mechanical information to confirm cardiac
abnormalities in the mass screening of athletes when Echo
and cardiac MRI are precluded. For example, BCG can
provide timing, duration and amplitude changes of the
cardiac cycle waveforms reflecting mechanical function (and
dysfunction) and these can then be compared to normative
data established by Echo. Our results support the use of non-
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invasive BCG for the mass screening of young athletes,
which may help to confirm “at-risk” individuals. Further
research is needed on other groups of athletes to help
ascertain the utility of BCG as a screening tool.

|, 6494711,
/3.4 iHz

Fig. (5). Two dimensional echocardiography images showing the
apical view of the localized hypertrophy in the left ventricular apex
at end diastole. Note the spade-like configuration of the apex. The
arrow indicates the direction of the apex.
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