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ABSTRACT

Objective Patients with chronic obstructive pulmonary
disease (COPD) often have abnormal ECGs. Our aim was
to separate the effects on ECG by airway obstruction,
emphysema and right ventricular (RV) afterload in patients
with COPD.

Methods A cross-sectional study was performed on

101 patients with COPD without left heart disease and

32 healthy age-matched controls. Body mass index

(BMI) was measured, and pulmonary function tests, ECG,
echocardiography and right heart catheterisation (only
patients) were performed. Variables were grouped into

(1) airway obstruction by FEV% (percentage of forced
expiratory volume)_predicted, (2) emphysema by residual
volume/total lung capacity and residual volume (percent
of predicted) and (3) RV afterload by mean pulmonary
pressure, artery compliance, vascular resistance and RV
wall thickness.

Results In multivariate regression analysis, emphysema
correlated negatively to R+S amplitudes in horizontal and
frontal leads, RV/left ventricle (LV) end-diastolic volume
ratio to horizontal amplitudes and BMI negatively to frontal
amplitudes. Increased airway obstruction, RV afterload
and BMI correlated with horizontal QRS-axis clockwise
rotation. Airway obstruction, RV afterload, RV/LV end-
diastolic volume ratio and BMI correlated to the Sokolow-
Lyon Index for RV, and RV afterload negatively to Sokolow-
Lyon Index for LV. Several classical ECG changes could,
however, not be ascribed to specific mechanisms.
Conclusions In COPD, the various pathophysiological
mechanisms modify the ECG differently. Increased airway
obstruction and RV afterload mainly increase the Sokolow-
Lyon Index for RV mass and associate with clockwise
rotation of the horizontal QRS-axis, whereas emphysema
reduces the QRS amplitudes. BMI is an equally important
determinant for the majority of the ECG changes.

INTRODUCTION

Patients with chronic obstructive pulmonary
disease (COPD) often have an abnormal ECG.
There are various deviations from the normal,
and no consistent pattern with worsening of
airway obstruction.'? The number of deviations,
however, increases with the Global Initiative for
Chronic Obstructive Lung Disease (GOLD)
class.” The most consistent patterns reported
have been vertical axes for P and QRS,'*’ often
found in emphysema and increased P-wave
amplitude (P-pulmonale).?*°” The QRS ampli-
tudes are often reduced'? (table 1). However,
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What is already known about this subject?

» The multitude of ECG changes in chronic
obstructive pulmonary disease (COPD) has
previously been well described, but the causes of
the various ECG changes have not been in focus.

What does this study add?

» By extensive studies on a well characterised
COPD population, associations between the ECG
changes and the pathophysiological factors airway
obstruction, emphysema and right ventricular
afterload have been revealed by univariate and
multivariate statistical analyses.

How might this impact on clinical practice?

» A better understanding of the ECG changes in
COPD may improve interpretation of ECG in
these patients and help revealing the dominant
pathophysiology of their airway disease.

each abnormality is present in only a fraction
of the patients, even in GOLD class 4, and the
results vary between populations.”*°®

In some patients, airway obstruction
dominates the clinical picture, in others
emphysema. Pulmonary hypertension may
result in hypertrophy and remodelling of the
rightside of the heart. Finally, body mass index
(BMI), a possible confounder, decreases with
worsening COPD. It is reasonable to assume
that each of these pathophysiological mech-
anisms could differently modify the heart
and the electrical conduction of the thorax.
Previous studies have related ECG findings
to obstruction (GOLD stage),'?*” to emphy-

sema (chest X-ray,*'’ autopsy)® to increased
pulmonary vascular pressure'™" or right
ventricular (RV) hypertrophy."* However,

none of these studies have linked their find-
ings to the combined effects of obstruction,
emphysema and increased afterload. Further,
most previous studies have not excluded
patients with the frequent concomitant left
ventricular (LV) disease. Our aim was there-
fore to study ECG in patients with COPD
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Table 1 Electrocardiographic signs commonly related to
COPD
Emphysema P-wave axis**

Right-atrium enlargement? P-amplitude in II, lll or aVF >2.5mm’ 2
P-amplitude in V1 >1.5 mm?
RinV1>7mm

R/SinV1 >1

VAT in V1 >35ms

RinV1 +SinV5o0rV6 >10.5mm'
R/S ratio in V5 <1'

QRS (R+S) <5mmin I, II, aVvF, Il (all)*'
QRS <10 mV in V1-V6 (all)*

Scott et al'': RVH

Sokolow-Lyon: RVH
Clockwise rotation

Low voltage limb leads

Low voltage precordial leads

S,S,S, pattern Dominant Sin I, I, lll (all)’
QS complex Lead lll
Right-axis deviation: >90°"

<-30° to —90°'2
HR >80 beats/min*

Left-axis deviation:
Elevated resting heart rate

*Minnesota Code?
HR, heart rate; RVH, right ventricular hypertrophy; VAT, ventricular
activation time.

and controls with a comprehensive armamentarium of
non-invasive and invasive tests, and examine if it were
possible to identify the influence from the underlying
pathology on the ECG.

METHODS

Materials

This cross-sectional study recruited 112 outpatients with
COPD of both sexes from Oslo University Hospital Aker
during 2006-2010": 40- to 75-yearold Norwegian Cauca-
sians with at least 10 pack-years of cigarette smoking and
irreversible airway obstruction demonstrated by spirom-
etry. Participants were free from COPD exacerbations for
the preceding 2 months, and graded to GOLD 2-4 by
the classification of that time.” Hospital employees with
similar age distribution were used as controls (controls
mean 63 years, range 40-76; COPD mean 64 years, range
41-77). In the analysis, the two groups are treated as
independent.

Patients underwent standardised clinical examina-
tions'™ during a 2-day visit including blood tests,
spirometry, static lung volumes, exercise testing, ECG,
echocardiography, CT and MRI. Neither the examinations
nor their history suggested the presence of ischaemic heart
disease. Significant other comorbidity was also excluded.’***
Ninety-eight patients, but no controls, underwent right-
heart catheterisation. Two control patients were excluded
(missing ECGs). The study complies with the Declaration
of Helsinki and was approved by the local research ethics
committee. Written informed consent was obtained from
all subjects.

Methods

Electrocardiography

Twelve-lead ECG (Schiller AG, Baar, Switzerland) was
recorded after 10min supine rest with paper speed of
50 mm/s, gain of 10mm/mV and default filter settings.
ECGs were read manually by one investigator, and 20%
randomly selected, and all ECGs with uncertain inter-
pretation were read by two investigators; measures were
decided by consensus. Right-atrium enlargement was
defined when P-wave amplitude >2.5mm in II, aVF or III
or 21.5mm in V1. RV hypertrophy was defined according
to Scott et al'' and Sokolow-Lyon,'® and LV hypertrophy
according to Sokolow-Lyon'” and the Cornell voltage
product (with the addition of 0.6 mV for women),' and
used as an estimate for LV mass. The transition zone was
the first precordial lead with either an isoelectric QRS
or a configuration change from a dominant S (rS) to
dominant R (Rs). Clockwise QRS-axis rotation (delayed
transition) required R/S transition at or lateral to V4,
and counter-clockwise rotation was medial to V3." The
Minnesota Code defined low voltage and axis deviations.*
A normal ECG required heart rate 50-80 beats/min, PQ
duration 0.12-0.20s, P-amplitude in V1 <1.5mm and
in II, aVF and [I<2.5, P-axis <75°, QRS duration 0.07-
0.10s, at least one QRS amplitude in limb leads =5 mm
and >10mm in precordial leads, frontal QRS-axis —-30° to
90°?! and transition zone at V3.

Echocardiography

Echocardiography (Vivid 7; GE Vingmed Ultrasound,
Horten, Norway) was performed with left parasternal
long and short axes and apical four-chamber view
adjusted to acquire the RV-focused view during
breath hold at end expiration. Analyses were performed
without knowledge of clinical status. RV end-diastolic
and systolic areas were assessed by manual planimetry
and divided by body surface area. RV wall thickness was
obtained from the short-axis window by either M mode
or two-dimensional echocardiography in end diastole.
Real-time three-dimensional echocardiography was used
to acquire full-volumetric datasets of the right and left
ventricle from four ECG-triggered subvolumes. Post-
processing analysis (TomTec Imaging Systems GmbH,
Germany) was performed with semi-automatic software
with predefined RV views for endocardial contour delin-
eation volumes.*

Haemodynamic and pulmonary function

Supine right-heart catheterisation (Mac-Lab; GE Health-
care, Milwaukee, Wisconsin, USA) was performed with
7F Swan-Ganz catheter as described in previous studies
on these patients.”” # Sitting upright, forced expiratory
volume in 1s (FEV|) and forced vital capacity (FVC)
were determined by spirometry after bronchodilator, in
accordance with international guidelines and Norwegian
reference values,'” # using best values for GOLD classifi-
cation.
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Table 2 Single and composite predictor variables and their correlations

GOLD Correlation
New variables 2 (n=40) 3 (n=30) 4 (n=31) t p*
Obstruction (-FEV,%) -1.0(0.5) 0.2 (0.4) 1.1(0.4) 0.79 0.0001
Emphysema (residual volume %, RV/TLC) -1.4(1.1) -0.1(1.9) 1.9(1.1) 0.56 0.0001
Afterload (mPAP, PVR,- PAC, RV wall) -1.5(1.7) -0.7 (2.6) 2.7(2.9 0.45 0.0001

*p<0.05, p values refer to Kendall’s t correlation for trend between variables.
FEV, %, forced expiratory volume in 1s % predicted; GOLD, Global Initiative for Chronic Obstructive Lung Disease; mPAP, mean pulmonary
artery pressure; PAC, pulmonary arterial compliance; PVR, pulmonary vascular resistance; RV/TLC, residual volume/total lung capacity; RV

wall, right ventricle wall thickness; t, Kendalls t correlation.

Statistical analysis

To reduce the number of independent variables,
haemodynamic and pulmonary function variables were
grouped into three new variables: (1) airway obstruction
expressed by FEV % of predicted, (2) emphysema by
residual volume/total lung capacity and residual volume
% of predicted and (3) afterload by mean pulmonary
artery pressure, pulmonary artery compliance, pulmo-
nary vascular resistance and RV wall thickness.

These haemodynamic and pulmonary continuous
variables were standardised to mean=0and SD=1. The
converted variables in each group were added, and the
sum represents the common score. For obstruction this
was -F EVI% of the predicted, and thus increased value of
an aggregated variable reflects increased disease burden
(tables 2 and 3). Continuous variables are expressed as
mean with SD, and categorical variables as frequencies
or percentages. Kendall’s tau rank correlation describes
trend between variables and GOLD stage. Wilcoxon/
Kruskal-Wallis rank-sum test compares continuous
variables for controls and COPD, and Fisher exact test
evaluates categorical variables. A two-tailed p value
<0.05 was considered significant. Dependent variables
that were not normally distributed by Shapiro-Wilk test
were log-transformed and included in the regression
models. To permit log-transformation, QRS-axis had to
be expressed in positive values, and we thus redefined the
variable to log 180-(QRS-axis).

Multiple linear and logistic regression analyses were
used to determine independent predictors of the ECG
variables related to COPD (table 4). BMI, gender and

Table 3 Correlations between independent predictor variables

the variables expressing airway obstruction, emphysema
and afterload were entered in the full model. Age was not
included in the model because there was no significant
difference in age between the GOLD stages. Thereafter,
backward stepwise eliminations were performed for
non-significant (p>0.05) variables. Statistical analyses
were computed using JMP12.

RESULTS

Clinical characteristics are presented in table 5. Patients
with COPD had significantly higher heart rate and blood
pressure, compared with the controls. RV end-diastolic
volume and wall thickness were significantly increased
in patients. The ratio between LV and RV end-diastolic
volume was significantly reduced in patients with COPD,
following severity (GOLD stage). All indices for RV after-
load increased with worsening of COPD.

ECG measurements

With increasing GOLD stage, P-wave amplitude in V1
lowered, Sokolow-Lyon Index describing LV mass was
reduced, and QRS amplitudes were lower. There was
also more clockwise and leftward change of QRS-axis
(table 4). The prevalence of abnormal ECG was signifi-
cantly higher in COPD compared with the control group.

Univariate relationships between the ECG and independent
variables

Heart rate, but not P-axis, correlated positively to emphy-
sema (p=0.02) (see online supplementary tables S1 and
S2). P-wave amplitude in V1 correlated positively to RV/LV

Gender BMI Obstruction Emphysema Afterload
BMI 0.2233*
Obstruction —0.0480 -0.1733*
Emphysema —-0.2498* -0.2858* 0.5624*
Afterload —-0.1160 -0.1515* 0.4132* 0.4214*
RV/LV EDVI —0.1339 —-0.0703 0.2417* 0.1546* 0.2417*

Gender: female is a reference category for gender.

Bold values are statistically significant. Significant differences within each variable are indicated as:

*p<0.05; p values refers to Kendall’s t correlation.

BMI, body mass index; RV/LV EDVI, right ventricle/left ventricle end-diastolic volume ratio.
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Table 4 ECG measurements and prevalence of various ECG findings

Controls GOLD Controls vs COPD GOLD stage
ECG variables n=32 2 (n=40) 3 (n=30) 4 (n=31) p p
P-axis (°) 52 (21) 67 (26) 64 (41) 69 (22) <0.0001 0.72
PinV1 (mm) 0.6 (0.2) 0.6 (0.4) 0.5(0.5) 0.2 (0.7) 0.02 0.009
Pin I, aVF, lll (mm) 1.3(0.9) 1.3 (0.6) 1.3(0.8) 1.3(0.8) 0.92 0.94
QRS duration (ms) 91 (13) 87 (16) 88 (15) 83(12) 0.09 0.46
QRS-axis (°) 34 (42) 60 (27) 75 (37) 45 (55) 0.0002 0.94
V1 R/S 0.2(0.2) 0.4 (0.6) 0.5(0.9) 0.2(0.2) 0.98 0.38
V2 R/S 0.6 (0.4) 0.8 (1.3) 0.6 (0.9) 0.4 (0.5) 0.02 0.02
V3 R/S 2.0(3.1) 1.8 (2.3) 1.3(1.2) 1.0 (1.6) 0.02 0.02
V4 R/S 5.7 (6.4) 4.4 (7.5) 4.2 (6.2) 2.8 (3.8) 0.007 0.10
V5R/S 10.2 (11.4) 6.5(7.4) 6.2 (7.4) 4.1 (5.0) 0.02 0.02
SL RVH (mm) 4 (3) 5(3) 6 (5) 5(4) 0.07 0.50
SL RVH p. (mm-ms) 354 (251) 415 (286) 524 (479) 451 (325) 0.17 0.66
SL LVH (mm) 20 (6) 20 (6) 18 (6) 14 (6) 0.07 0.0003
Cornell Index (mm) 13 (6) 12 (5) 12 (5) 15 (6) 0.98 0.12
Cornell p. (mm-ms) 1243 (734) 1053 (470) 1070 (504) 1234 (539) 0.61 0.17
R+S precordial leads 81 (20) 80 (18) 77 (22) 67 (19) 0.13 0.01
R+S frontal leads 24 (8) 24 (5) 23 (7) 20 (6) 0.32 0.009
Precordial/frontal amp 3.5(0.8) 3.5(0.9 3.6(1.6) 3.8(1.8) 0.47 0.96
CCW n (%) 18 (60) 17 (43) 12 (40) 5 (16) 0.02 0.03
Clockwise n (%) 309 5(13) 7(23) 10 (32) 0.15 0.1
Prevalence of various ECG findings
Abnormal ECG 8 (25%) 34 (85%) 20 (67%) 29 (94%) <0.0001 0.49
HR >80 beats/min 4 (13%) 24 (60%) 15 (50%) 22 (711%) <0.0001 0.44
P-axis:<0°0r>75° 1(3%) 10 (25%) 10 (34%) 9 (29%) 0.0014 0.65
P-pulmonale 0 (0%) 4 (10%) 2 (7%) 2 (6%) 0.18 0.57
QRS <700r>120ms 1 (3%) 12 (30%) 7 (23%) 5 (16%) 0.008 0.18
QRS-axis —30° to 90° 29 (84%) 40 (100%) 28 (93%) 24 (77%) 1.0000 0.001
Left axis —31° to —90° 3 (16%) 0 (0%) 0 (0%) 5 (16%) 0.40 0.004
Right axis >90° 0 (0%) 0 (0%) 2 (7%) 2 (6%) 1.0000 0.14
Low voltage I-llI 1 (3%) 0 (0%) 1 (3%) 1 (3%) 0.57 0.31
R/S inV1x>1 0 (0%) 1 (3%) 2 (7%) 3 (10%) 0.34 0.20
R/S inV5<1 0 (0%) 3(8%) 3 (10%) 1(3%) 0.19 0.57
S,S,S, pattern 2 (7%) 1 (3%) 2 (8%) 7 (23%) 0.73 0.009
RVH SL 0 (0%) 0 (0%) 1 (3%) 3 (10%) 0.57 0.05
RVH Scott et a/" 1 (3%) 2 (5%) 3 (10%) 2 (6%) 0.68 0.75
RVH Scott or SL'' 16 0 (3%) 3 (8%) 4 (13 %) 1 (4%) 0.20 0.73
Values are mean (SD) of continuous variables.
Bold values are statistically significant. p Values refer to Kendall’s t- correlation for trend comparing GOLD stage I, Ill and IV for each variable

and Wilcoxon/ Kruskal-Wallis Rank Sum Test comparing COPD and controls, with Chi square approximation.
amp, amplitudes; Cornell p, Cornell product; CCW, counter-clockwise; GOLD, Global Initiative for Chronic Obstructive Lung Disease; HR,
heart rate; p, p value; SL RVH, Sokolow-Lyon right ventricular hypertrophy; SL RVH p, Sokolow-Lyon product; SL LVH, Sokolow-Lyon left

ventricular hypertrophy.

end-diastolic volume ratio (EDV) (p=0.04). Both Sokolow-
Lyon for RVH (p=0.001) and leftward shift of the frontal
ORS-axis (p=0.01) correlated positively to BMI. Precor-
dial amplitudes were negatively correlated to emphysema

(p=0.02), afterload (p=0.05) and RV/LV EDV (p=0.06).
Frontal amplitudes were reduced with increased emphy-
sema (p=0.01) and afterload (p=0.03). Sokolow-Lyon
Index reflecting LV mass, correlated negatively to airway
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Table 5 Clinical characteristics of the study population

Pulmonary vascular disease

Controls vs

Controls GOLD COPD GOLD stage

(n=32) 2 (n=40) 3 (n=30) 4 (n=31) p p
Women/men 18/14 20/20 15/15 18/13 0.84 0.53
Age (years) 63 (7) 65 (6) 63 (8) 63 (6) 0.61 0.16
BMI (kg/m?) 25 (3) 25 (4) 25 (5) 22 (6) 0.76 0.02
Current smokers, n (%) 2 (6) 17 (43) 5(17) 10 (32) <0.0001 0.26
HR (beats/min) 66 (12) 81(17) 81 (16) 88 (18) <0.0001 0.22
SBP (mm Hg) 121 (17) 144 (21) 136 (21) 137 (23) <0.0001 0.20
DBP (mm Hg) 76 (13) 70 (12) 69 (10) 67 (14) 0.006 0.20
mPAP (mm Hg) - 18 (4) 20 (6) 25 (6) - <0.0001
PAC (mL/mm Hg) - 4.0(1.1) 4.2 (1.6) 3.2(1.4) - 0.022
PVR (Wu) - 1.8(0.7) 2.0(0.8) 3.3(1.4) - <0.0001
Cl (L/min/m?) - 2.9(0.4) 2.9(0.5) 3.1(0.6) - 0.35
RV EDV (mL) 107 (22) 126 (34) 137 (39) 121 (27) 0.001 0.67
LV EDV (mL) 109 (24) 113 (26) 115 (31) 94 (28) 0.77 0.002
RV/LV EDVI 1.0 (0.1) 1.1(0.2) 1.2(0.2) 1.3(0.3) <0.0001 <0.0001
RV wall thickness (mm) 3.5(0,5) 5.2 (0.8) 5.8 (1) 6.5(1.2) <0.0001 <0.0001
FEV, (L) 3.1(0.8) 1.8 (0.6) 1.2(0.4) 0.7 (0.2) <0.0001 <0.0001
FEV,/FVC (%) 76 (4) 56 (7) 45 (10) 40 (10) <0.0001 <0.0001
FEV,% predicted - 59 (8) 39 (6) 26 (7) - <0.0001
DLCO % predicted - 64 (14) 53 (17) 29 (14) - <0.0001
Residual volume (L) 2.6 (0.4 4.6 (0.7) 45(1.2) 5.6(1.2) <0.0001 <0.0001
Residual volume % pred. 118 (16) 161 (32) 205 (64) 262 (47) <0.0001 <0.0001
TLC (L) 6.9 (1.3) 6.9(1.2) 7.3(1.4) 7.8(1.6) 0.39 0.02
TLC % predicted 112 (11) 117 (15) 125 (28) 137 (20) 0.002 0.0002
Residual volume/TLC (%) 39 (5) 52 (8) 61 (11) 72 (5) <0.0001 <0.0001
Sa0, (%) - 96 (1) 96 (1) 91 (5) - <0.0001
Pa0, (kPa) - 10.1 (1.0) 9.7(1.2) 7.9(1.3) - <0.0001
PaCo, (kPa) - 5.1(0.4) 5.4 (0.6) 6.0 (0.8) - <0.0001

Bold values are statistically significant.

BMI, body mass index; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; DLCO, diffusion capacity for carbon

monoxide of the lungs; FEV./FVC, forced expiratory volume in 1s/forced vital capacity; GOLD, Global Initiative for Chronic Obstructive
Lung Disease; HR, heart rate; LV EDV, left ventricular end-diastolic volume; mPAP, mean pulmonary artery pressure; PAC, pulmonary arterial
compliance; PaO,, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; PVR, pulmonary vascular resistance; RV EDV, right
ventricular end-diastolic volume; RV/LV EDVI, right ventricle/ left ventricle end-diastolic volume ratio; SBP, systolic blood pressure; Sa0O,,

arterial oxygen saturation; TLC, total lung capacity.

obstruction (p=0.003), emphysema (p=0.003), afterload
(p=0.001) and the ratio RV/LV EDV (p=0.06), whereas
Cornell Index and product had a positive association
to emphysema (p=0.01) and afterload (0.03), and were
higher in men compared with women (p=0.0001). Count-
er-clockwise rotation (p=0.04) was negatively associated
with afterload, and clockwise rotation positively with BMI
(p=0.04).

Multivariate regression analysis

Multivariate linear regression analyses are shown in table 6
(and online supplementary table S3) and multivariate
logisticregression in table 7 (and online supplementary table

S4), and were performed with gender, BMI, airway obstruc-
tion, emphysema, afterload and RV/LV EDV. For example,
one SD increase of the independent variable emphysema
corresponds to an increase in heart rate of 6 beats/min.
Because of the high positive correlations between the vari-
ables afterload and obstruction in the regression models for
Cornell Index and clockwise rotation, these variables had to
be studied in separate regression models.

DISCUSSION
The present study is unique compared with previous COPD
studies because of more extensive invasive and non-invasive

Larssen MS, et al. Open Heart 2017;4:€000552. doi:10.1136/0penhrt-2016-000552

yBuAdoo Aq paloalold 1sanb Aq 20z ‘0T [udy uo jwod lwg-ueayuadoy:dny woly papeojumod “2T0Z YR 22 UO 255000-9T02-Myuado/osTT 0T Se paysignd 1si1y :ueaH uado


http://openheart.bmj.com/

Open Heart

||

“ybBuAdoa Aq parosloid 1sanb Aq 20z ‘0T dy uo jwod fwgesyuadoy/:dny wol) papeojumoq 2 T0Z YdJeN g2 Uo 255000-9T0Z-Myuado/ogTT 0T Se paysignd 1sii :uesH uado

ECG Predictors B-coefficient (SE) 95% ClI p Value

BMI 0.3771 (0.3890) (~0.3954 to 1.1496) 0.34

Emphysema 3.3934 (1.4087) (0.5963 to 6.1905) 0.02

BMI —0.0083 (0.0120) (—0.0323 t0 0.0156) 0.49

Emphysema 0.0638 (0.0420) (~0.01994 to 0.1476) 0.13

RV/LV EDVI 0.6196 (0.2190) (0.1832 0 1.0561) 0.006

Gender* -0.0311(0.0166) (—0.0641 t0 0.0017) 0.06

RV/LV EDVI —0.1458 (0.0744) (—0.2936 to 0.0020) 0.05

Gender* 0.0309 (0.0282) (~0.0251 to 0.0868) 0.28

Obstruction 0.0382 (0.0288) (—0.0190 to 0.0954) 0.19

R+S precordial leads 0.07

Emphysema -3.7882 (1.6900) (—7.1473 10 -0.4291) 0.03

RV/LV EDVI -15.9687 (9.1503) (—34.1560 to 2.2187) 0.09

Gender* 0.8272 (0.6782) (-0.5214 10 2.1757) 0.23

Obstruction 1.4496 (1.0280) (—0.5944 to 3.4936) 0.16

Atterload -0.1662 (0.2817) (—0.7263 t0 0.3939) 0.56

Log (Sokolow-Lyon RVH) 0.19

BMI 0.0383 (0.0151) (0.0082 to 0.0684) 0.01

Emphysema —0.1090 (0.0627) (-0.2338 to 0.0157) 0.09

RV/LV EDVI -0.6141 (0.3002) (-1.2110 10 -0.0172) 0.04

Gender* —0.0720 (0.0761) (—0.2235 10 0.0795) 0.35

Obstruction 0.2560 (0.1155) (0.0264 to 0.4856) 0.03

Afterload 0.0947 (0.0317) (0.0317t0 0.1575) 0.004

Continued
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Table 6 Continued

ECG Predictors B-coefficient (SE) 95% ClI p Value R? adj
RV/LV EDVI -0.7719 (0.3229) (—1.4140 to —0.1298) 0.02
Sokolow Lyon left ventricular hypertrophy 0.08
Gender* -0.5269 (0.6870) (—1.8927 t0 0.8388) 0.45
BMI -0.1964 (0.1482) (—0.4912 to 0.0983) 0.19
Obstruction -0.3134 (1.0412) (—2.3834 to 1.7565) 0.76
Emphysema -0.3042 (0.6073) (—1.5156 to 0.9030) 0.62
Afterload -0.5327 (0.2660) (—1.0615 to —0.0038) 0.05
Cornell Index model 1 0.34
Gender* 3.2567 (0.4886) (2.2860 to 4.2275) <0.0001
BMI 0.1759 (0.1030) (—0.0288 to 0.3807) 0.09
Afterload 0.3542 (0.1778) (0.0009 to 0.7076) 0.05
RV/LV EDVI —0.2416 (2.1360) (—4.4851 10 4.0019) 0.91
Cornell Index model 2 0.34
Gender* 3.3363 (0.4697) (2.4037 to0 4.2687) <0.0001
BMI 0.1697 (0.0992) (—0.0272 to 0.0366) 0.09
Obstruction 0.9709 (0.4815) (0.0150 to 1.9267) 0.05
RV/LV EDVI 0.2188 (1.9797) (—3.7109 to 4.1486) 0.91

Multiple linear regression analysis.

Bold values are statistically significant. p Value refers to t-test of regression coefficient.

*Female as reference category.tLog (180-QRS axis): increased value reflects a more leftward axis.

R? adj, adjusted R?; BMI, body mass index; COPD, chronic obstructive pulmonary disease; RV/LV EDVI, right ventricle/left ventricle end-
diastolic volume ratio; RVH, right ventricular hypertrophy.

examinations, allowing us to demonstrate that three patho-
physiological COPD components have major impacts on
ECG. However, even among the most severely affected

patients in GOLD class IV, a minority had a normal ECG.
Since patients with COPD often have LV disease with
accompanying ECG changes, we emphasise that our COPD

Table 7 Independent predictors for horizontal clockwise rotation of the QRS-axis

Independent
ECG variable B OR 95% CI p Value R? adj
Model 1 0.18
Gender* —-0.0147 1.0298 (0.3138 to 3.3553) 0.96
BMI 0.1465 1.1578 (1.0277 to 1.3238) 0.02
Obstruction 0.6057 1.8325 (0.7400 to 4.8112) 0.20
Emphysema —0.1698 0.8437 (0.5020 to 1.3936) 0.51
Afterload 0.1595 1.1730 (0.9371 to 1.4739) 0.16
Model 2 0.16
Gender* -0.0739 1.1594 (0.4064 to 3.2821) 0.78
BMI 0.1331 1.1424 (1.0251 to 1.2867) 0.02
Obstruction 0.5674 1.7638 (1.0425 t0 3.1681) 0.04
Model 3 0.16
Gender* —0.0854 1.1864 (0.3928 to 3.5702) 0.76
BMI 0.1585 11717 (1.0450 to 1.3344) 0.01
Afterload 0.1894 1.2085 (1.0103 to 1.4622) 0.04

Multiple logistic regression analysis.
Bold values are statistically significant. p Values refer to Likelihood ratio Chi square test of the regression estimates.
*Female as reference category.
B, regression coefficient; R? adj, adjusted R-square; BMI, body mass index; RV/LV EDVI, right ventricle end-diastolic volume ratio; RVH, right
ventricular hypertrophy.
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population was recruited from clinically stable outpatients,
where LV disease as well as other comorbidities that might
affect the ECG, had been thoroughly excluded.'”##

The patients showed typical clinical characteristics
(table 2), and their ECG changes were mostly consistent
with previous studies.”*** Exceptions were the low prev-
alence of right atrium enlargement and RV hypertrophy
in ECG, in contrast to Holzmann and coworkers.? Sixty-
three percent of our patients had abnormal ECG, versus
25% of the controls. The controls had, however, only
minor, clinically insignificant deviations from normal
ECGs (table 3). The study confirms that COPD patients
have higher heart rate than controls, more inferior P-axis
and more inferior, clockwise rotated QRS.

A vast number of anatomical and pathophysiological
variables correlated with one or more ECG parameters in
univariate analyses. Because their effects often were over-
lapping (ie, pulmonary artery pressure and pulmonary
vascular resistance), significant correlations often disap-
peared in multivariate analyses. In order to reduce the
number of variables that might affect the ECGs, without
losing much information, we organised them into three
main groups that were expected to influence the ECG:
airway obstruction, emphysema and RV afterload. The
variables were standardised, allowing us to add them into
one of the three group variables. These correlated highly
significantly (table 4), but not to a degree that precludes
analysis of the separate effects of each one (tables 6
and 7). However, sometimes it was difficult to separate
the effects on some of the ECG signs. For example, when
studying clockwise rotation or heart rate, we were unable
to separate the effects of obstruction and afterload on the
dependent variable. Table 6 shows that although correla-
tions were highly significant, the R? values were rather
low, attesting to the complexity of the relationships
between the pathophysiological mechanisms.

ECG changes related to the three underlying
pathophysiological mechanisms

Obstruction

Only 8% of our COPD patients had the classical P-pulmo-
nale, in contrast to previous studies,*® and we saw P-wave
lowering in V1 with increasing GOLD stage (table 3).
Our patients with P-pulmonale did not have elevated
right atrial pressure, confirming previous studies that
related this sign to a vertical heart.”” '* P-axis has been
suggested as a marker of emphysema in COPD,* but we
could not separate the effects of airway obstruction and
emphysema. In an old autopsy study, no patient with
pure emphysema without chronic airway obstruction
had abnormal P-axis.” Hyperinflation due to obstruc-
tion or emphysema isolates electrically,” lowers and
verticalises the heart, resulting in clockwise rotation; all
effects that reduce P-amplitude in V1. This amplitude
increased when the ratio RV/LV EDV increased (rota-
tion by RV expansion, increased electrical forces), even
when adjusted for BMI, emphysema and afterload. In
GOLD 4, LV EDV was reduced (table 2), probably due

to increased pulmonary vascular resistance (hypoxia-in-
duced vasoconstriction), favouring further clockwise
rotation. As expected, increased airway obstruction
correlated positively to Sokolow-Lyon Index for RV
mass (adjusted for gender, BMI, emphysema and
afterload). There was, however, a high correlation
between the variables afterload and obstruction. The
reduced Sokolow-Lyon Index for LV mass by obstruc-
tion (p=0.0034) and afterload (p=0.0014) (univariate
analyses) presumably reflects both increased right-
sided and decreased left-sided QRS amplitudes by the
combined anatomical and electrical remodelling of the
heart.

Emphysema

We chose the composite variable residual volume/total
lung capacity and residual volume percent predicted
to represent emphysema. Diffusion capacity for carbon
monoxide was not useful because of missing data, mainly
from patients in GOLD 4. Univariate analyses showed
negative correlations between emphysema and LV mass
(QRS amplitudes, Sokolow-Lyon and Cornell Index and
product for LV hypertrophy). On multivariable adjust-
ment, only heart rate and reduced QRS amplitudes were
significantly related to increased emphysema (table 7).
Reduced QRS voltage in emphysema is established knowl-
edge,'® and several mechanisms are involved. Increased
electrical resistance due to airfilled bullae is a main
contributor. The heart descends (hyperinflation and flat-
tening of the diaphragm), reducing the anterior electrical
forces at the level of the precordial electrodes. Clockwise
and apical backward rotation contribute further,” as does
remodelling because LV filling is impaired.*?

We could not confirm previous reports of significantly
shorter QRS duration in COPD,?*# but found a border-
line significant negative correlation between the ratio
RV/LV EDV and QRS duration, adjusted for gender and
afterload (table 6). The reasons for QRS narrowing are
unknown.

Low voltage in limb leads, a posterior (horizontal
QRS-axis -50° or beyond) and deviant frontal QRS-axis
(>70° or superior beyond -30°), combined with a
P-axis >60°, are reported to be pathognomonic for
emphysema.® In the present study, 21% of the patients
fulfilled these criteria, which were significantly correlated
to obstruction, but not to emphysema.

Afterload

To assess RV afterload, we used the composite of the
haemodynamic variables pulmonary vascular resistance,
mean pulmonary artery pressure, pulmonary arterial
compliance and the morphological consequence, RV
wall thickness. In the literature, RV hypertrophy asso-
ciates with right-axis deviation, dominant R in V1 and
dominant S in V5-6. Only 12% of our patients satisfied the
ECG criteria for RV hypertrophy. In contrast, Holzmann
and coworkers reported a high prevalence of ECG signs
for right-atrium enlargement and RV hypertrophy.? In our
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study, ECG signs for RV hypertrophy t were significantly
more prevalent in patients with pulmonary hypertension
(mPAP >25mm Hg), in accordance with Johnson et al."' '
As expected, increased afterload correlated to increased
Sokolow-Lyon Index for RV hypertrophy, and reduced
left-sided Sokolow-Lyon Index after adjustment for BMI,
gender, obstruction, emphysema and RV/LV EDV.

Afterload increased the odds for clockwise rota-
tion in the horizontal plane when we adjusted for BMI
and gender. The patients with clockwise rotation had
increased pressure in the pulmonary artery, increased
pulmonary vascular resistance, a higher proportion
of patients in GOLD 4 and increased air trapping and
hyperinflation. They were also poorly oxygenated. Rota-
tion of the heart in the horizontal plane was studied
by Tahara and coworkers. They related the transition
zone (precordial R>S) to the anatomical position of the
septum as shown by CT scan,"” and demonstrated that
anatomy was responsible for 2/3 of the location forces.
An enlarged right ventricle and vertical displacement
of the heart due to obstruction and emphysema, favour
clockwise rotation. Hypertrophy of the RV increases
the initial rightward forces in (R in V1-V2), moving the
transition counter clockwise. However, an increased S in
v4-v6 (terminal rightward force) may be large enough to
move the transition clockwise, as frequently observed in
our patients.

RV afterload was negatively associated with Sokolow-
Lyon Index for LV mass, but positively associated with
Cornell Index and product when adjusted for gender
and BMI. This seems to be a paradox but may be ascribed
to axis deviation reducing anterior QRS forces (Sokolow-
Lyon) as clockwise rotation of the heart moves the axis
upward, posterior and to the left, as detected by the
Cornell criteria.

Gender and BMI

Patients with advanced COPD are often cachectic. Forty-
five percent of our patients, however, had BMI >25 kg/
m?, and there was a wide range. We therefore included
not only gender but also BMI in the analysis of the study
population, since both variables influence the ECG
measurements” * and the pathophysiological changes
in COPD.” We could confirm the normal gender? and
BMI* influence on ECG, and also that BMI correlated
positively to Sokolow-Lyon Index for RV hypertrophy, and
to a more leftward, clockwise rotated QRS-axis (tables 6
and 7).

Limitations

The study population had moderate size, but we consider
the study large due to the broad panel of examinations.
Patients with signs of established left-sided cardiovascular
disease, common in COPD, were thoroughly excluded.
Thus, our study population is unique for analysis of
pathophysiological factors that influence ECG, but not
necessarily for patients with COPD in general. Unfortu-
nately, data from high-resolution CT were not available

for quantifying emphysema, so we used residual volume %
and RV/TLC to grade emphysema.

CONCLUSIONS

Aggregation of data from echocardiography, heart cathe-
terisation and spirometryallowed us to relate ECG patterns
in COPD to the separated, graded effects of emphysema,
airway obstruction and RV afterload. Increased airway
obstruction and RV afterload were mainly associated with
increased Sokolow-Lyon Index for RV mass and clockwise
rotation of the horizontal QRS-axis, and emphysema with
increased heart rate and reduced QRS amplitudes. P-axis
was not a good marker for emphysema in this study, but a
low P in vl might suggest airway obstruction. BMI seemed
to be an equally important determinant for the majority
of the ECG changes. These analyses may explain the
heterogeneity of the ECG patterns in COPD. Some clas-
sical ECG features of COPD could not be ascribed to one
pathophysiological mechanism, so still, when suspecting
ECG changes in COPD, we shall look for a modest
increase in heart rate, a vertical P-axis, a small P-wave in
vl, small QRS amplitudes, a QRS-axis that is vertical or
slightly deviant (usually to the left) and clockwise rota-
tion of the precordial (horizontal) QRS transition zone.
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