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ABSTRACT

Background: The traditional assumption has been that there is a close relationship between
the electrical and anatomical axes of the heart. The aim of this study was to test the hypothesis
that there is a correlation between the electrical and anatomical axes of the heart, in both the
frontal and transverse planes, in healthy subjects.

Methods: Ninety-four healthy volunteers (48 males, 46 females; age, 21-82 years) were
studied by cardiac magnetic resonance (CMR) and 12-lead ECG. The anatomical axis was
determined by CMR and projected onto the frontal and transverse orthogonal planes for
comparison with the electrical axis in the corresponding planes.

Results: The electrical and anatomical axes were in the same range in the frontal plane (+39 +
31° and +38 + 10°, mean £ SD), but in different ranges in the transverse plane (-30 + 18° and
+46 + 7°, mean = SD). The partial correlation coefficients between electrical and anatomical
axes was r =0.30 (p <0.01) and r = 0.14 (p = NS) in the frontal and transverse planes,
respectively. Age was more strongly correlated to electrical axis than to anatomical axis in the
frontal plane.

Conclusions: There is only a weak correlation between electrical and anatomical axes in the
frontal plane and no correlation in the transverse plane. The change of electrical axis with
increased age is not explained only by change in the anatomical axis. The results suggest that

there is no simple relationship between the electrical and anatomical axes of the heart.
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INTRODUCTION

The traditional assumption has been that there is a close relationship between the electrical
axis and anatomical orientation of the heart (1-6). Wilson et al (7) described five positions of
the heart on the basis of ECG appearances. These were horizontal, semihorizontal,
intermediate, semivertical, and vertical. Furthermore, several studies have reported that body
habitus and age affect the electrical axis in the frontal plane, assuming that change in position
and orientation of the heart would be part of the explanation (8-12). However, to which extent
the change in electrical axis depends on change in heart orientation has, to date, been difficult
to test due to deficiencies in gold standards for in vivo measurements of heart orientation.

Cardiac magnetic resonance (CMR) has shown ability to depict cardiac anatomy in great
detail (13). Direct visualization of cardiac landmarks enables determination of the left
ventricular (LV) long axis spatial direction, referred to as the anatomical axis of the heart
(14). CMR has earlier been used to study the relationship between position of the heart and
ECG findings (15,16). However, the correlation between electrical axis by 12-lead ECG and
anatomical axis by CMR has not yet been studied. Documentation of a close relationship
between electrical and anatomical axes could provide a basis for use of the anatomical axis to
adjust lead specific ECG criteria.

The purpose of the present study was to test the hypothesis that there is a correlation
between electrical and anatomical axes of the heart in the frontal and transverse plane,
respectively, and to examine the impact of body mass index and age on the electrical and

anatomical axes in healthy subjects.



METHODS

Participants and study design

The prospectively recruited study population consisted of 94 participants (characterized in
table 1) of which 77 were healthy volunteers from the local community in Lund, Sweden, and
17 were participants with no cardiac disease from the Western Infirmary Hospital, Glasgow,
UK. To be eligible for this study they had to have no previous history of cardiovascular
disease, normal ECG (no signs of conduction abnormalities or ischemic heart disease), normal
blood pressure (SBP < 140 mmHg and DBP < 90). Exclusion criteria comprised generally
accepted contraindications for CMR (metal implants, cerebral aneurysm clips, claustrophobia)
and abnormal global or local LV function by CMR.

CMR was performed upon inclusion and ECGs were recorded on the same day. The
analysis of the ECGs was undertaken by two independent observers, blinded to all other
results. Discrepancies were agreed on in conference for the purpose of comparison with the
corresponding anatomical axis by CMR. The observers performing the CMR analysis were
blinded to the ECG results. The investigation protocol and procedures were approved by the
local ethics committees at Lund University and Western Infirmary Hospitals and all

participants gave their written informed consent to participate in the study.

Cardiac magnetic resonance imaging and analysis

CMR was performed on commercially available 1.5 T scanners (Siemens Vision or Sonata,
Siemens Medical Solutions, Erlangen, Germany) using phased array chest coils. All
participants were imaged in supine position. LV dimensions were evaluated by cine short axis
images acquired in end-expiratory breath-hold. Imaging was performed using either a turbo

fast low angle shot (FLASH) sequence: slice thickness 10 mm, field of view 380 mm, matrix



126x256, TR 100 ms (echo sharing resulting in phases every 50 ms), TE 4.8 ms; or a true fast
imaging with steady-state free precession (FISP) sequence: slice thickness 8 mm, field of
view 340 mm, TR 3.14 ms, TE 1.58 ms. Images were acquired from the base of the LV
(atrioventricular valve plane) to the apex. The procedure used in the study for identifying the
imaging planes has previously been described (17) and is used in clinical routine at both
hospitals (Fig 1).

The anatomical axis of the heart was determined from an end-diastolic MR long axis image
and defined as a vector starting at the center of the mitral annulus and projecting through the
LV (Fig 1D). The projection of the anatomical axis onto the frontal and transverse orthogonal
planes was obtained using either a recently published method for determining the anatomical
axis of the heart (14) or an off-line software package (CMRtools, Imperial College, London,
UK). Trigonometry was applied to express the anatomical axis in the same hexaxial reference
system used for describing the electrical axis (Fig 2). The angle was defined as 0° to the
patient’s left and increasing in clockwise direction when observed from the patient’s front
(frontal plane) and counterclockwise when observed from the patient’s feet (transverse plane).
Angle precision and software reliability for CMR measures of anatomical axis of the heart has

previously been validated in healthy subjects (14).

Electrocardiographic recording and analysis
A standard 12-lead ECG was recorded at the time of the MR examination using either a
MEGACART-R (Siemens-Elema AB, Solna, Sweden) or a Pagewriter XLi (Philips Medical
Systems, Andover, MA). The frequency response was set at the range of 0.05-150Hz and the
sampling rate was 500 Hz.

The frontal leads were assumed to be separated by 30° based on Einthoven’s triangle in the

frontal plane (Fig 2A) (18,19). This assumption is clinically established and used for teaching



purposes although Einthoven’s triangle is only a special case of Burger’s triangle which takes
into consideration that the human body is a three-dimensional volume conductor (20-22). A
similar method for determination of the electrical axis in the transverse plane was used,
assuming that the chest leads in the transverse plane are separated by approximately 30°. It is
accepted that leads V; and Vs are approximately orthogonal (23). Lead V1 was considered to
be 30° to the right of V2, leads V3 and V4 equally spaced between V2 and V5, and V6 30°
posterior to V5 (Fig 2B). The following method was then applied for both planes. The
transitional lead (in which the QRS complex had most nearly equal positive and negative
components) was located for the limb leads and for the chest leads, respectively. The angular
value of the lead, perpendicular to the transitional lead (using the hexaxial reference system)
in the direction in which the positive QRS components increased, was defined as the electrical

axis. The electrical axis designation was rounded to the nearest 15°.

Statistical analysis

All measurements are expressed as mean + SD. The strength of the relation between the
electrical and anatomical axes was assessed by Pearson correlation coefficients. To correct for
observations in the frontal plane, partial correlation coefficients were calculated controlling
for observations in the transverse plane. The corresponding analysis was performed in the
transverse plane controlling for observations in the frontal plane. Pearson correlation
coefficients were also used for assessing the impact of BMI and age on the electrical and
anatomical axes. For all tests, p < 0.05 was considered statistically significant. All statistical

analyses were done with SPSS (release 11.0.1).



RESULTS

Ranges of electrical and anatomical axes
Figure 2 shows the distribution of electrical and anatomical axes in the frontal and transverse
planes, respectively. In the frontal plane the electrical and anatomical axes measured +38 +
10° (range 16-66°) and +39 + 31° (range -30-90°), respectively. The measurements in the
transverse plane were +46 £ 7° (range 29-70°) and -30 + 18° (range -75-15°), respectively.
Thus, the electrical and anatomical axes were generally within the same range in the frontal
plane, but in different ranges in the transverse plane.

The difference between the 2 observers performing the ECG analysis was 1 + 6°. For the 2

observers performing the CMR analysis the difference was 2 + 2°,

Correlation between electrical and anatomical axes

The correlations between the electrical and anatomical axes in both the frontal and transverse
planes are presented in Figure 3. In the frontal plane the partial correlation coefficient
between the electrical and anatomical axes was r = 0.30 (p = 0.004), when controlling for
observations in the transverse plane. However, in the transverse plane no statistically
significant partial correlation was found (r = 0.14, p = 0.18), when controlling for

observations in the frontal plane.

Variation in electrical and anatomical axes due to BMI and age
BMI and age were both shown to affect the electrical and anatomical axes (Table 2).
Electrical axis was more strongly correlated to age (r =-0.37, p <0.001) than was anatomical

axis (r =-0.28, p = 0.007) in the frontal plane (Fig 4). Neither BMI nor age showed a



statistically significant correlation to the electrical axis in the transverse plane. No relationship

between BMI and age was found (r = 0.02, p = 0.84).



DISCUSSION

In the present study, as opposed to earlier studies, only a weak correlation between the
electrical and anatomical axes was found in the frontal plane, and no statistically significant
correlation was found in the transverse plane. Furthermore, the electrical and anatomical axes
were found to be in the same range in the frontal plane, but not in the transverse plane. BMI
and age were found to affect the anatomical axis in both planes, but the electrical axis only in
the frontal plane. Age was more strongly related to the electrical axis than the anatomical axis
in the frontal plane.

The present study showed a weaker relationship between the electrical and anatomical axes
of the heart than reported in earlier studies (2,5,6,10,24) using chest x-ray to determine the
anatomical axis. Given the ability of CMR to image the heart in relation to its long axis it can
be assumed that CMR gives a more accurate description of the anatomical axis of the heart
than chest x-ray. More recently, van Oosterom et al (16) used CMR to show that a significant
amount of the interindividual variability in the normal ECG is due to geometrical factors of
the torso and suggested that ECG electrodes be placed in relation to the heart rather than to
intercostal spaces. However, Hoekema et al (15) have shown that the interindividual
variability of the normal ECG is not reduced by merely shifting the electrodes to a position
relative to the position of the heart, rather than the conventional intercostal spaces. The
findings in the present study support their findings, suggesting that the relationship between
electrical and anatomical axes is not as simple as previously described.

The results in the present study are also in agreement with earlier studies demonstrating
that BMI and age affect the electrical axis (8-10).

Difterent physiological and pathophysiological conditions such as pregnancy, (11) obesity,

(12) and pulmonary emphysema (25,26) have been shown to affect the QRS complex,
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indirectly suggesting that there could be a relationship between the electrical and anatomical
axes. However, only a weak relationship was found in the present study. An explanation for
the great variability in the electrical axis in relation to the anatomical axis of the heart may be
a great interindividual variability in how the Purkinje network of the heart is organized. It has
been shown that there is a considerable variation in the architecture of the distal conduction
system (27). Furthermore, the stronger age-dependence of electrical axis than of anatomical
axis found in the frontal plane in present study, might partly be explained by increased
fibrosis and fatty infiltration in the conduction system with increased age (28).

Previous studies (3,5,6,16,24) have reported that LV rotation affects the transitional zone,
especially in the transverse plane. The definition of LV rotation in the literature varies. Some
authors have defined LV rotation as the angle of LV direction in the transverse plane (3,6) and
others as the rotation of the L'V around its long axis (5,16,24). The LV rotation around its long
axis was not taken into consideration in the present study and might partly explain why no
relationship between electrical and anatomical axes was found in the transverse plane.

In the present study the electrical axis, resulting from the QRS complex, was correlated to
LV spatial direction. A limitation to this approach may be that the right ventricle (RV) was
not considered for the anatomical axis, whereas the QRS complex reflects the activation of
both ventricles. However, in subjects with no cardiac disease, the QRS complex is assumed to
mainly reflect the activation of the LV due to its considerably larger mass (29). Yet, when the
RV hypertrophies, this assumption cannot be made. In RV hypertrophy the mean electrical
axis moves rightward in the frontal plane, the R-wave amplitude in lead V; increases and the
S-wave amplitudes in leads Vs and V, decrease, thus reflecting the increased influence of the
RV on the mean electrical axis (30-32). In the present study, the influence of the RV may

likely be negligible since no participant had any sign of RV hypertrophy by ECG or CMR.



CONCLUSIONS

This study has shown that there is no simple relationship between electrical and anatomical
axes of the heart when the electrical axis is determined by 12-lead ECG. The change of

electrical axis with increased age is not explained only by change in the anatomical axis.
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FIGURE LEGENDS

Figure 1

Magnetic resonance images demonstrating the standard procedure for identifying imaging
planes in relation to the long axis of the heart. A) Coronal scout image for positioning of the
transverse image (line). B) Transverse image upon which the vertical long axis (VLA) was
positioned (line). C) VLA image used to obtain the horizontal long axis (HLA) perpendicular
to the atrioventricular plane. D) The end-diastolic phase of an end-expiratory breath-hold
HLA cine image upon which the short-axis images were carefully positioned parallel to the
atrioventricular plane. This HLA image was also used to obtain the anatomical axis (defining
the vector through the center of the mitral annulus and the left ventricular apex) identified by

2 sets of three-dimensional coordinates (X;;Y 1;Z; and X5;Y ;7).

Figure 2
Ranges of electrical and anatomical axes of the heart in the frontal (A) and transverse planes
(B), respectively. Angular values of the ECG leads in the hexaxial reference system are

shown for both planes.

Figure 3
The relationship between the electrical and anatomical axes of the heart in the frontal (A) and

transverse (B) planes, respectively.

Figure 4
The relationship between age and both electrical (A) and anatomical (B) axes of the heart in

the frontal plane.



Table 1: Demographic and anthropometric characteristics of the participants

Demographic All
n=15 n=19 n=18 n=20 n=11 n=11 n=94
Age (years) 20-29 30-39 40-49 50-59 60-69 70- 21-82
Male/female* 8/7 9/10 8/10 11/9 8/3 a7 48/46
Anthropometric
SBP (mmHg) 119+7 120+13 118+11 122+11 130+x10 135%8 123+12
DBP (mmHg) 70+ 6 74+9 72+9 76+8 75+7 75+8 74+8
HF (beats/min) 63+12 64+14 65+13 65+12 69+8 66+15 65+12
BMI 24 +3 25+4 26+3 23+3 25+3 25+5 25+4
LV mass (gram) 172+34 156+39 151+43 145+35 159+41 131+32 152+ 39

Data are presented as mean + SD. SBP=systolic blood pressure. DBP=diastolic blood

pressure. HF=heart rate. BMI=body mass index. LV=left ventricle. * number of participants



Table 2: The impact of body mass index and age on electrical and anatomical axes of the heart

in the frontal and transverse planes (Pearson’s correlation coefficients)

Anatomical axis Electrical axis

Frontal Transverse Frontal Transverse
Body mass index -0.36% 0.25* -0.35" -0,03 NS
Age -0.28" 0.23* -0.37° 0.05 NS

NS = non-significant. * p < 0.05; " p < 0.01; ¥ p < 0.001
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