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Abstract

There was mild increase in the amplitude of the P wave with start of exercise or during the first stage of exercise. At
this time, there was no change in the duration of the P wave. With increasing exercise, the p wave shifted towards
the QRS complex. There was a progressive reduction in the amplitude and duration of the P wave. By the time of
peak exercise, the P wave was usually completely merged in the rapidly sloping PR segment with the result that no
separate P wave was visible. With the onset of recovery, as the heart rate declined, a P wave came out of the PR
segment and a separate P wave was visible. Gradually the amplitude and duration of the P wave increased. By the
end of the fifth minute or seventh minute of recovery, the amplitude and duration of the P wave resembled the pre-
exercise P wave. In no case, there was any increase in the duration of the P wave throughout the test. Similarly, no
case showed electrocardiographic evidence of left or right atrial abnormality.

Keywords: bruce protocol; electrocardiography; exercise electrocardiography; pr segment; p wave; treadmill

testing

Introduction

Einthoven published his observations about the effect of exercise on
electrocardiograms is 1908 [1]. Since then large number of studies have been
published on this topic. However, there are some areas of controversy
regarding the effects of exercise on the P wave of the electrocardiogram in
normal individuals. Most of the authors have observed an increase in the
amplitude of the P wave in the vertical leads during dynamic exercise.
Irisawa and Seyoma [2] felt that this increase in the amplitude of the P wave
in the vertical leads was due to more synchronous activation of the two atria.
They derived their conclusion from the remarkable shortening of the duration
of the P wave after intravenous injection of epincphrine in dogs. They,
however, accepted that tachycardia which develops as an effect of
epincphrine was not identical to exercise-induced tachycardia. Simoons and
Hugenholtz [3], however, found no shortening of the P wave at heart rates
from 60 to 120 beats per minute. This observation is against the concept of
more synchronous depolarization of the two atria.

Irisawa and Seyoma [2] evaluated ten healthy young male medical students,
age range 20-22 years, by two-step test and concluded that the P wave
amplitude promptly decreased after mild exercise. Simoons and Hugenholtz
[3] evaluated fifty-six ‘apparently healthy’ men, aged 23 to 62 years by
multistage bicycle ergometer. These workers observed that the amplitude of
the P wave increased up to a heart rate of 170 beats per minute but there was
a further marked increase in the first minute of recovery as opposed to a
decrease in amplitude promptly after exercise observed by Iris Awa and
Seyoma[2] Deckers[4] et al also observed that for corresponding heart rate,
P wave amplitude was higher during recovery than during exercise.

Some authors have evaluated the effect of dynamic exercise on the duration
of the P wave. Magnis et al [5,6] evaluated P wave duration in lead V5 at
heart rates less than 140 beats per minute for diagnosis of myocardial
ischemia. They observed that in the control group, P wave duration increased
by less than 20 msec during the first minute of recovery in a standing
position. They used four times magnified electrocardiogram for analysis.
Lloyd — Thomas [7] evaluated sixty-seven 'healthy' individuals (age range
21 to 60 years) by Master's two-step test and recorded electrocardiograms in
semi-recumbent position, 2,4 and 10 minutes after completion of exercise
i.e., during recovery. He analysed P wave duration in leads Il and Ill. An
increase in P wave duration was obvious only in 37% of cases.

Baruteu et al [8] evaluated the effect of treadmill testing using the Bruce
protocol on P wave duration in patients with isolated myocardial bridging of
the left anterior descending coronary artery. They deserved that there was no
change in the duration of the P wave up to one minute after exercise in the
control group. On the other end, several workers have observed a shortening
of P wave duration during exercise testing. [9-11]

Different workers have observed a maximum increase in the duration of the
P wave at different times during recovery. Wsol et al [12] and Baruteu et al
[8] observed a maximum increase in the first minute of recovery.
Myrianthiefs et al [13] observed a maximum increase in the third minute of
recovery.

Simoons and Hugenholtz [3] observed that exercise did not produce any
change in the P wave vector. Deckers et al [4] observed that with exercise
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maximal P wave amplitude shifted anteriorly, leftwards and downwards.
Lloyd Thomas [7] observed that, with exercise, the P wave axis shifted to the
right. Ahmad and Blomquist [14] observed a significant increase in the
posterior terminal P wave vector component in normal subjects. They,
however, included persons with blood pressure of up to 150/90 mm Hg. This
value is considered hypertension by the present definition.

Cause of the difference in observations is not clear. It could be related to the
difference in the population studied, differences in the method of exercise
and differences in the method of recording and analysis of the
electrocardiogram. [2,3,4,7,14,15] Most of the workers evaluated persons
who were considered normal by history, clinical examination and resting
electrocardiogram. Different levels of blood pressure were considered
‘normal’. Simoons et al [3] used cut value of 160/90 mm Hg for defining
normal blood pressure. Ahmad et al [14] used a cut value of 150/90 mm Hg.
Both the values are considered 'hypertension' from presently accepted
criteria. Irisawa and Seyama [2] evaluated young males aged 12 to 20 years.
Simoons and Hugenholtz3 studied men aged 23 to 62 years. Deckers4
evaluated only women with a mean age of 39+10 years. None of the workers
performed detailed echocardiographic evaluation to exclude subclinical
abnormalities prior to exercise testing. Exercise-induced/aggravated left
ventricular dysfunction is an important cause of abnormalities in P wave
during exercise.

Initial workers used Master's two-step test as the mode of exercise. [2,7]
Subsequently workers used bicycle ergometer [3,4] or treadmill. Irisawa and
Seyoma [2] recorded only limb leads. Llyod Thomas [7] recorded limb leads
along with CR1, CR4 and CR7 leads. Simoons and Hugenholtz [3] recorded
modified Fronk leads. Ahmad and Blomquist [14] and Rautaharju et al [15]
used Frank leads. Myrianthiefs et al [13] used a modified Mason-Likar lead
system.

Myrianthiefs et al [13] used Ellestad’s protocol. Yigit et al [16] used
modified Bruce protocol. Wsol et al [12] and Baruteu et al [8] used the Bruce
protocol for exercise.

Irisawa and Seyoma [2] used computing technique and digital storage
oscilloscope for recording and analysing electrocardiogram. Simoons and
Hugenholtz [3] used analogue tap and digital computer systems. Ahmad and
Blomquist [14] recorded electrocardiogram on magnetic tape. Deckers et al
[4] used computer processing for analysis. Maganis et a [I6] and
Myrianthiefs et al [13] magnified the electrocardiogram four times and five
times respectively for analysis. Yigil et al [16] recorded electrocardiograms
at 50 mm/sec speed and used ten-fold magnification for analysis.

Different workers have used different criteria for zero reference level to
evaluate the amplitude of the P wave. Simoons and Hugenholtz [3] used a
point 10 to 20 msec before the onset of QRS. Ahmad and Blomquist [14]
used base line connecting the point of the beginning and end of the P wave.
Routahariju et al [15] and Myrianthiefs et al [13] have used the level of PR
segment at the onset of QRS.

Because of so many differences in material, methods and analysis, no
clinically useful conclusion can be drawn. We, therefore tried to evaluate
changes in the P wave during treadmill testing after carefully excluding the
limitations of previous studies.

Material and methods

All individuals reporting for treadmill test over the last five years were
analysed.

(2.1) Inclusion criteria
(a) No history of cardiac or respiratory symptoms.

(b) No history of treatment for hypertension, diabetes or ischemia heart
disease.

(c) No history of coronary angioplasty or coronary artery bypass surgery.

(d) Absolutely normal resting twelve-lead electrocardiogram with special
reference to the P wave morphology in all leads.
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(e) No history of smoking.

(f) No family history of premature coronary artery disease.

(9) Body mass index between 18.5 to 24.9. Overweight and obesity perse are
associated with left ventricular diastolic dysfunction, left atrial enlargement
and increased left atrial pressure [*7], that can affect the P wave morphology.
Overweight and obese individuals have exaggerated increases in systolic
blood pressure during physical exertion 18] and are, therefore, likely to have
left ventricular diastolic dysfunction that can affect P wave morphology
during exercise.

(h) Resting supine blood pressure 120/80 mm Hg or less. This value was
chosen because individuals with higher blood pressure readings
(prehypertension) have a higher incidence of subclinical cardiovascular
disease. [19.20.21] patients with systolic blood pressure of about 120 or diastolic
blood pressure above 80 mm were also not included to keep the study
population 'strictly normal.’

(i) Normal fasting blood sugar. Diabetes is associated with left ventricular
diastolic dysfunction 22 which can affect left atrial pressure and P wave
morphology during exercise.

(i) Normal fasting lipid profile.
(k) No abnormality on detailed echocardiographic evaluation.

(I) No history, clinical or radiological evidence of chronic obstructive airway
disease or emphysema.

(m) Age less than 60 years. Left ventricular compliance decreases after the
age of 50 years 2l and by the age of 65 years atrial contribution to left
ventricu filling becomes equal to early filling. 4 This increases left atrial
pressure and size I which increases further during exercise and can deform
P wave morphology. Right heart catheterization study has shown an increase
of up to 22 mm Hg in the pulmonary capillary wedge pressure during
exercise in clinically healthy old induced.[?!

(2.2) Treadmill test protocol

Mason-Likar lead system [?71 was used. All leads were correctly placed by a
qualified and experienced technician. The whole procedure was supervised
by a cardiologist. All twelve leads were recorded in the supine position and
during active hyperventilation before exercise. Bruce protocol [?8 was
followed. All twelve leads were displayed on the monitor simultaneously and
continuously. Exhaustion rather than age-predicted target heart rate was
taken as the endpoint. 2 Exercise was also terminated if there was the
development of angina, appearance of any arrhythmia, intraventricular
conduction defect, ST-segment elevation of more than 1mm in any lead or
significant ST-segment depression. There was no cool-down walk to avoid
recovery of any electrocardiographic change. The patient was placed in a
supine position soon after completion of the exercise. Recovery was recorded
for nine minutes to detect any delayed 'only in recovery' changes. The final
report included a print of raw electrocardiograms recorded at the end of each
stage and averaged beats of all the twelve leads of each stage. Recording was
done at the conventional speed of 25 mm/sec and 10 mm/mV.

(2.3) Exclusion criteria

(@) Any ectopic atrial rhythm appearing on standing or during active
hyperventilation prior to exercise.

(b) Inability of the patient to perform adequate exercise.

(c) Development of chest pain, ST-segment elevation or ST-segment
depression suggestive of myocardial ischemia during exercise or recovery.

(d) Appearance of ectopic atrial rhythm or any supraventricular
tachyarrhythmia during exercise or recovery.

(e) Development of frequent ventricular ectopics, ill sustained ventricular
tachycardia, sustained ventricular tachycardia, any intraventricular
conduction defect or preexcitation during exercise or recovery.
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(f) Increase in systolic blood pressure to 200 mm Hg or more during exercise.
Such an increase in systolic blood pressure could cause transient impairment
of left ventricular compliance and consequently affect P wave morphology.
Such persons are also likely to develop hypertension during their day-to-day
activities. The cumulative effect of such hypertensive response in likely to
result in subclinical left ventricular diastolic dysfunction (3031 that can affect
P wave morphology during exercise.

(9) Excessive baseline shift or vibrations that prevented correct interpretation
of the electrocardiogram.

Due to strict adherence to inclusion and exclusion criteria, only forty tests
qualified for final analysis. There were28 males and 12 females.

(2.4) Analysis of changes in the P wave:

(a) P waves were analysed from the averaged beats recorded on standing, at
the end of active hyperventilation at the start of exercise, at the end of each
stage of exercise and at the end of the first, third, fifth, seventh and ninth
minute of recovery. In case of any doubt, the respective raw
electrocardiogram was also reviewed before making the final decision.

P wave were analyzed for any change in amplitude, duration and
configuration.
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Changes clearly obvious an visual examination without any magnification or
computer assistance were considered to make the results useful for routine
clinical setting.

Any doubtful change was considered as ‘no change’.

The point of beginning of the P wave was used as zero reference level for
evaluation of the amplitude of the P wave because the end of the P wave was
not distinct at a fast heart rate. With increasing heart rate, the end of the P
wave merged imperceptibly with the rapidly sloping PR segment. Taking
any point on the rapidly sloping PR segment or the beginning of the gRS
complex result in an overestimation of the amplitude of the P wave [14],

Leads showing maximum change out of the following groups of leads were
selected for reproduction in figures:

Leads | and aVL

Leads Il, 11l and aVF

Lead aVR

Leads V1, V2

Leads V3, V4, V5, V6

Results

3.1 Demographic data

Parameter Mean+SD
Age (years) 37.90+9.64
BMI 21.63+2.93
Resting supine heart rate(bpm) 72.33+11.34
Resting supine systolic blood pressure (mm Hg) 115.95+4.54
Resting supine diastolic blood pressure (mm Hg) 75.02+4.81

Table-1: Demographic data

Demographic data of patients are shown in Table 1.
Abbreviation - bpm- beats per minute.

3.2 Effect of exercise on P wave morphology
3.2.1- Leads 1,111, aVF, V3, V4, V5, V6

Similar changes were seen in all these leads. Changes were most prominent
in leads 11, V3 and/or V4.

(a) Effect of standing and/or active hyperventilation before

exercise:

In some cases, P wave amplitude increased (Fig.1). Changes were most
obvious in individuals who had a significant increase in heart rate (Fig.1)
over resting supine heart rate. In such cases, P wave duration decreased
with an increased downward slope of the PR segment.

Supine

HRssbmnﬁﬁig

Standing

HR 79 bpm |

g5 == L
o Rl
e T

HV

HR 85 bpm |
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Figure 1- Showing leads Il and V4 from the averaged beats in the supine position, standing and active hyperventilation (HV). There is an increase
in the amplitude of the P wave on standing and a further increase during hyperventilation (marked as). There is a significant increase in heart
rate (marked as HR) from 65 bpm on standing to 85 bpm during hyperventilation.

(b) Effect of exercise

In most of the cases, there was an increase in the amplitude of the P wave at
the onset of exercise and during the first stage (Figure.2). There was no
change in the duration of the P wave. In one case P wave became inverted in
leads V5 and V6 at the start of the exercise. In this case, heart rate increased
by 30 beats per minute from hyperventilation to the start of exercise. With
increasing exercise, the P wave gradually shifted towards the QRS complex
(reduction in the PR interval) with a progressive reduction in its amplitude

Fig-2 -
F3 1 1 1 :
Supine + | | ; _\;{
HR78 fJJ Pl PeakEx
bpm s “~~ HR 196bpm | |
Recovery 1
ExStart HR 161bpm
HR 106
bpm Recovery 3 |
HR 120bpm —\/
flt:194952 —‘/\J '» Recovery 5 P\ﬁ/¥
bpm P HR 118bpm W

and duration (Figure.2). Downslope of the P wave progressively merged into
the beginning of the PR segment (marked as). There was a progressive
increase in the rate of the downslope of the PR segment (Fig.2, marked as)
which joined the beginning of the QRS complex. Changes were most
prominent at peak exercise (Figure.2). At times, no separate P wave was
visible at peak exercise. At time changes persisted during the first minute of
recovery (Figure.2). Changes were clearly related to increasing heart rate. If
there was no further increase or decrease at peak exercise, there were no
sequential increase in change at peak exercise.

Figure 2- Showing lead Il and V4 from the averaged beats in the supine position, start of exercise (Ex start), stage 2, peak exercise (peak Ex)
and at the end of first minute, third minute and fifth minute of recovery (Recovery 1,3, and 5). There is increase in amplitude of the P was
(marked as P) at the onset of exercise (marked as). With increasing exercise and heart rate P wave amplitude and duration is decreased. P

wave is merged with the downsloping PR segment (marked as). P wave has gradually become normal during recovery.

(c) Effect of recovery

With the onset of recovery (end of first minute) the P wave started coming
out of the PR segment (Fig.2b). By the end of the third and fifth minute of
recovery, the P wave clearly separated from the PR segment (Fig.2b). By the
end of the fifth minute of recovery, P wave amplitude and duration became
identical to the P wave configuration before exercise. Rarely, the P wave

took more than five minutes to normalize if the decrease in heart rate during
recovery was slow.

3.22 Lead |

The amplitude of the P wave at rest was small in lead I. The sequence of
changes were similar to leads Il and V4. However, the magnitude of changes
were less clearly appreciable (Fig.3). In one case P wave became negative at
peak exercise (heart rate 186 beats per minute)

Fig-3(Lead )

Supine |
HR 87bpm =

Stage 2 [
HR 170 bpm

|
|
|
|
i

Recovery 1 'LP

HR 137bpm |

i
Recovery 3P| |

Recovery 5 p;
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Figure 3- Showing lead | from the averaged beats in the supine position, stage 2, end of first minute, third minute and fifth minute of recovery
(Recoveryl,3 and 5). Stage two shows merging of P wave with dwonsloping PR segment (marked as). P wave is again clearly seen during recovery.

3.2.3 Lead aVL

P wave was of very low amplitude and at times even flat. It frequently
became negative during exercise. With increasing heart rate P wave merged

Fig-4 (aVL)

Supine .;P.T. Recovery 1 {}
HR 78bpm*“ﬁ“’“ HR 161bpm |~

in the sloping PR segment (Fig.4). Changes in duration were less clearly
appreciable.

' Recovery3'p
Stage 1 P
HR 129bpm% HR 120bpm““*v**’

PeakEXx _j}w,_ Recovery P
HR 196bpm * HR 118bpm“V*\

Figure 4-Showing lead aVL from the averaged beats in supine position. stage 1, peak exercise (Peak Ex), end of first minute, third minute and fifth
minute of recovery (Recovery 1,3and 5). With increasing exercise and heart rate amplitude and duration of the P wave are progressively
decreased. There is merging of the P wave (marked as P) in upsloping PR segment (marked as) during peak exercise and first minute of recovery.
Clear P wave is again visible by the end of third and fifth minute of recovery.

3.24 Lead aVR duration of the P wave gradually decreased and it merged into the upsloping
PR segment (Figure.5). Changes gradually reversed towards normal during

Changes were similar to leads Il and V4 but were in the opposite direction recovery.

as the P wave was negative in lead aVR. With exercise, the depth and
Fig-5 (aVR)

-
A K2 {

Supine ' Recovery1'{
HR 65bpm p| ™ HR 130bpm-/|"

Recovery 3"_:\__/% i
HR 96bpm p|

Stage 1
HR 118bpm

0 4;

PeakEXx

HR 173bpm’ Recovery 31

HR 88bpm

Vi<

L

Figure 5- Showing lead aVR from the averaged beats in the supine position, stage 1, peak exercise (Peak Ex), end of first minute, third minute and
fifth minute of recovery (Recovery 1, 3 and 5). P wave is negative. Therefore PR segment (marked as) is upsloping. With increasing exercise and
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heart rate amplitude and duration of the P wave is decreased. The P wave is progressively merged in the upsloping PR segment. During recovery,
the P wave comes out of the PR segment and the P wave in normal by the end of the fifth minute of recovery.

3.25Lead V1

. .. . . . . an impression of a depressed PR segment. The effect of PR segment became
At retgt P dwgvetyvas _ﬂ:ldly positive or p;phastlcr](+/ ) W.'th a srtnalll t:‘ermmal clear on simultaneous analysing lead V2 . In no case there was any increase
nlgga |ve6 el ection. ere_\t/yere no signt |tcgn ¢ andqes mt mgs 0 dedca_ses in the amplitude of the initial positive component. Similarly, in no case, the
(Figure. ): N One Case positive component INCreased on standing and auring oy negative component increases abnormally to be called left atrial
hyperventilation. Some cases showed a mild downward slope of the PR e

s . abnormality i.e. 0.04 mVsec.

segment which joined the r wave or the QS complex. In some cases it gave

Supine p

. Recovery 1
HR 108bpm|_

HR 167bpm|_

Recovery 3 ~
HR 137bpm[

Stage 1
HR 150bpm|-

PeakEx P _ Recovery 5
HR 1960pm " HR 122bpm,

Figure 6- Showing lead V1 from the averaged beats in the supine position, stage 1, peak exercise (Peak Ex), end of first minute, third minute and
fifth minute of recovery (Recovery 1, 3 and 5). With increasing heart rate, the amplitude and duration of the P wave in decreased. P wave is
gradually merged into the sloping PR segment During recovery, the P wave gradually came out of the PR segment and became normal by the end
of the fifth minute of recovery.

3.2.6 Lead V2

Changes were similar to leads V3 to V5 but were of less magnitude (Figure.7).

Fig-7 (Lead Vi)

Supine iy
/\: Recovery1 |

Stage 1

= Recovery 3
HR 150bpm|:

HR 137bpm|

Recovery 5

PeakEx A4S
HR 122bpm|_|[ |

HR 196bpm| |/

Figure 7- Showing lead V2 from the averaged beats in the supine position, stage 1, peak exercise (Peak Ex), end of first, third and fifth minute of
recovery (Recovery 1, 3 and 5). With increasing heart rate, the amplitude and duration of the P wave is decreased. The P wave is gradually
merged with the downsloping PR segment. During During recovery, the P wave has gradually come out of the PR segment and became normal by
the end of the fifth minute of recovery.
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3.3 Relation of onset of changes in P wave to stage of exercise, heart rate
and increase in heart rate over resting supine heart rate

In most of the case (25) changes started by the end of the first stage of
exercise of the Bruce protocol (Fig.8). Uncommonly changes started during
active hyperventilation or on the start of exercise. In these cases, patients had
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a significant increase in heart rate before exercise. In seven cases changes
started in the second, third or fourth stage of exercise (Fig.8). Mean heart
rate at the time of onset of changes in the P wave was 121.22+ 16.41 beats
per minute (Table 2). The increase in heart rate over resting supine heart rate
was 47.4+17.49 beats per minute (Table 2).
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Figure 8- Bar diagram showing number of individuals showing the onset of change in the P wave with different stages of exercise. In most of the
cases changes started by the end of the first stage of the Bruce protocol. Abbreviations- S-Supine, St- Standing, HV- Hyperventilation, Ex Start -
Start of exercise, S1-Stagel, S2- Stage2, S3-Stage3, S4-Stage4.

3.4 Relation of maximal change in P wave to stage of exercise, heart rate
and increase in heart rate over resting supine heart rate.

Maximal change was seen at peak exercise in all cases. The mean heart rate
at the time of maximal change was 174.72+15.17 beats per minute (Table 2).
The increase over resting supine heart rate was 105.43+17.79 beats per
minute (Table 2).

3.5 Relation of onset of normalization of the P wave with the stage of
recovery, heart rate and fall in heart rate from heart rate at peak
exercise.

In thirty-six cases, the P wave started becoming normal by the end of the first
minute of recovery (Fig.9). In four cases normalization of the P wave began
by the end of the third minute of recovery. Mean heart rate at the onset of
normalization was 125.33+21.27 beats per minute (Table 2). The mean
decrease from the peak exercise heart rate was 48.42+17.08 beats per minute.

T e == T 2 ==

Figure 9- Bar diagram showing number of individuals showing onset of normalization of the P wave with different stages of recovery. In most of
the cases P wave started becoming normal by the end of the first minute of recovery. Abbreviations- Peak-Peak exercise, R1- end of first minute of
recovery, R3- end of third minute of recovery, R5- end of fifth minute of recovery.
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3.6 Relation of complete normalization of the P wave to stage of recovery
heart rate and fall in heart rate from peak exercise heart rate.

P wave morphology returned to resting/pre-exercise morphology by the end
of the third minute of recovery in thirty cases. In the remaining four cases,
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complete normalization occurred by the end of the fifth minute of recovery
(Figure.10). Mean heart rate at the time of normalization of the P wave was
97.87+13.26 beats per minute (Table 2). Mean decrease in heart rate from
the peak exercise heart rate was 73.6+11.85 beats per minute (Table 2).
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Figure 10-Bar diagram showing the relation of number of individuals showing complete normalization of the P wave to the stage of recovery. In
most of the cases P wave became normal by the end of the third minute of recovery. Abbreviations- R1- end of the first minute of recovery, R3- end
of third minute of recovery, R5- end of the fifth minute of recovery, R7- end of the seventh minute of recovery, R9- end of ninth minute of recovery.

Change in the P wave morphology Heart rate (bpm) Mean+SD Change in heart rate (bpm) Mean+SD
Onset of change in morphology 121.22+16.41 Increase over-resting supine heart rate
47.4+17.49
Maximum change 174.72+15.17 Increase over-resting supine heart rate
105.43+17.79
Onset of reversal of morphology towards pre- 125.33+21.27 Decrease over peak exercise heart rate
exercise morphology 48.42+17.08
Normalization of the P wave morphology 97.87+13.26 Decrease over-peak exercise heart rate
73.6+11.85

Abbreviation - bpm- beats per minute.

Table-2: Relation of changes in the P wave morphology with heart rate

Discussion
4.1 Effect of standing and/or hyperventilation

On standing, there is a gravity-mediated pooling of blood in the lower
extremities and inferior mesenteric circulation. Decreased venous return
causes a transient fall in blood pressure and a reflex increase in sympathetic
activity. Normally the heart rate increases by about 10 to 15 beats per minute
[32, Differences in compensatory vasoconstriction result in inter-individual
variability in the increase in heart rate on standing from supine position.
Active hyperventilation after standing causes further increase in heart rate.
The release of excitatory neurotransmitters from the brain is probably
responsible. Lowered carbon dioxide concentration also causes splanchnic
vasodilation via inhibition of vasomotor centre 31, The resulting decrease in
venous return results in decreased stroke volume and reflex increase in
sympathetic activity. Inter-individual variation in rate and depth of
respiration causes inter-individual variation in increase in heart rate.

Some individuals showed an increase in the amplitude of the P wave on
standing from a supine position or during active hyperventilation after
standing. These individuals had a definite sequential increase in heart rate
(10 beats per minute or more) over the heart rate during the previous stage.
An increase in sympathetic drive and/or downward shift of the diaphragm
could be responsible for the increase in amplitude of the P wave.

4.2 Increase in the amplitude of the P wave without change in it’s
duration at the beginning of the exercise.

We observed that in some individuals with initiation of exercise, P wave
amplitude increased without any change in its duration in leads II, Ill, aVF
and V4 to V6. Lloyd Thomas7 also deserved that an increase in amplitude
was seen particularly in leads Il and 111.

Irisawa and Seyoma @ have also observed augmentation of the P wave
amplitude. They felt that it was due to more synchronous activation of the
two atria. They derived their conclusion from observations of injection of
epinephrine in animals. This explanation looks unlikely for severe reasons.
Firstly, the effects of sympathetic stimulation during exercise are different
from the effect of injection of epinephrine. Exercise has several additional
hemodynamic effects. Secondly, synchronous depolarization of the two atria
should result in the shortening (reduction in the duration) of the P wave. We
observed that the initial increase in the amplitude of the P wave was not
accompanied by any decrease in its duration. Other workers [ have also
observed that there is no shortening of the P wave at heart rates from 60 to
120 beats per minute. Some authors have observed an increase of less than
20 ms in the duration of the P wave at heart rates of less than 140 beats per
minute. 8 These authors studied electrocardiograms that were magnified
several times. Such small changes are difficult to appreciate visually on
standard electrocardiograms. Thirdly, we observed that the amplitude and
duration of the P wave decreased with increasing sympathetic drive the
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accompanies increasing workload and increasing heart rate. On the contrary,
P wave amplitude and duration increased with decreasing sympathetic drive
and heart rate during recovery. Previous studies have shown that these heart
rates are usually attained during the start of exercise or the first stage of the
Bruce protocol. [341 We feel that the increase in the amplitude of the P wave
ininferior leads (11, 111, aVF) and left lateral chest leads (V4, V5, V6) without
any change in its duration is due to rightward and anterior shift of the mean
P wave vector with initiation of exercise. This hypothesis is supported by our
observation that in some cases initially positive P wave in leads | and aVL
became negative during exercise i.e. shifted to the negative half of these
leads. Deckers et al [ have also observed that with exercise there is the
gradual shift in the maximal P wave amplitude anteriorly, leftwards and
downward. Lloyd Thomas [l has explained that deviation of the P wave axis
during exercise could be due to the depressed position of the diaphragm.

4.3 Effect of increasing exercise

We observed that with the increasing exercise above stage 1, P wave shifted
towards the ensuing QRS complex. The amplitude and duration of the P
wave clearly & visibly decreased progressively and the P wave gradually
merged in the ensuing PR segment. Near peak exercise, the P wave
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completely merged into the PR segment and no separate P wave was visible.
Other authors [9,10,11] have also observed that exercise causes a shortening
of about 0.02 seconds in lead Il in normal persons. Our observations are
contradictory to the observations of Simoons and Hugenholtz Bl They
observed that there was a gradual increase in the amplitude of the P wave
with increasing heart rate. However, their study has several limitations,
Firstly, these authors studied ‘apparently’ normal individuals. Secondly,
cardiovascular problems were excluded only by history. Thirdly, blood
pressure up to 160/90 mm Hg was considered normal which is considered
‘hypertension' from the present definition. Fourthly, the authors used a point
10 to 20 msec before the onset of the QRS complex as zero reference level
for measuring the amplitude of the P wave. Our observations show that this
point will fall on the rapidly downsloping PR segment and, therefore, give
the false impression of an increase in the amplitude of the P wave (Fig.11).
Fifthly, chest electrodes were placed at the level of the fifth intercostal space.
This is unconventional. Sixthly, the authors used a computer system and
analysed electrocardiograms at a rate of 500 mm/sec. Such an analysis is not
clinically feasible.

Fig-11

abc

Figure 11-Diagram showing that taking zero reference point on the PR segment(b) or at the beginning of the QRS complex (c) results in an
overestimation of the amplitude of the P wave.

Deckers et al [4] also observed an increase in P wave amplitude with
exercise. However, their study also has several limitations. Firstly, these
authors also excluded cardiovascular disease by history and resting
electrocardiogram. Secondly, they included individuals with a blood
pressure of up to 165/95 mm Hg. These values will be defined as
'hypertension' from the present criteria. 71 Thirdly, they did not exclude
smokers and, therefore, their subjects are likely to have individuals having
chronic obstructive airway disease and emphysema. Fourthly, these workers
also used a point 12 to 20 ms before the onset of the QRS complex as a
baseline for calculation of the amplitude of the P wave. This point also falls
on the rapidly downsloping PR segment resulting in the false impression of
increased amplitude of the P wave. Ahmad et al [14]have also stressed that
taking the beginning of the QRS complex as the baseline results in an
overestimation of the amplitude of the P wave.

We observed that the duration of the P wave decreases from stage 2 to peak
exercise. P wave duration did not increase in any case.

With increasing exercise and heart rate, the PR segment became
progressively sloping. This was because of the effect of the atrial
repolarization wave (Ta wave). Normally the Ta wave is small and hidden in
the QRS complex.35 With increasing heart rate during exercise the Ta wave
amplitude as well as duration progressively increases. [1%11 Therefore, the
Ta wave encroaches on the PR segment before the QRS complex and on the

ST segment after the QRS complex. The direction of the Ta wave is opposite
to that of the P wave. [35381 Therefore in most of the leads with positive P
wave, the Ta wave is negative. In these leads the PR segment becomes
downsloping. In leads with a negative P wave (lead aVR and at times lead
aVvL), the PR segment becomes upsloping. In lead V1, the PR segment
becomes downsloping. The slope of the PR segment increased progressively
with increasing heart rate. Downward displacement of the Pg segment from
the isoelectric line due to the effect of the Ta wave has also been observed
by other workers. [>1%14

None of our cases showed any evidence of right and/or left atrial abnormality
during exercise. Yokoyama et al38 also did not observe any evidence of left
atrial abnormality in leads V3R and V1 in normal persons after a Master’s
test. Hemodynamic studies have also shown that there is no significant
change in right atrial pressure during upright exercise in normal persons. [39

4.4 Changes in the P wave during recovery

We observed that with the onset of recovery, P wave started coming out of
the rapidly sloping PR segment. By the end of the third minute of recovery,
separate P was clearly visible. By the end of the fifth minute of recovery, the
P wave morphology resembled the preexercise P wave in amplitude and
duration and the PR interval became isoelectric. Uncommonly the P wave
and the PR segment changes normalised by the end of the seventh minute of
recovery. These changes are due to the progressive normalization of the Ta



International Journal of Cardiovascular Medicine

wave. Indirectly, it means that the P wave amplitude increases during
recovery as compared to the amplitude at peak exercise. However, it is
important to realize that the amplitude does not increase as compared to the
preexercise amplitude. Other workers who have analysed electrocardiograms
recorded only after exercise have made similar conclusions [,

We observed that there was no visually appreciable increase in the duration
of the P wave over preexercise level in any case. Myrianthefs et al [13]
observed that there was an increase of around 4 msec by the end of the third
minute of recovery over the preexercise value in their control group. They,
however, analysed electrocardiograms using 5 times magnification. Such
minimal changes can not be appreciated visually. Wsol et al [*2 observed that
their control group had an increase of about less than 6 msec in the duration
the P wave during the first minute of recovery over preexercise P wave
duration. They analysed four fold magnification of the electrocardiogram.
Such a minimal change can not be appreciated visually. Further, their control
group included a significant number of individuals with arterial
hypertension, left ventricular hypertrophy, overweight and age above sixty
years. Difference in various demographic and clinical characterstics from the
coronary stenosis group was also not significant. Therefore, their control
group can not be considered truly ‘normal’.

Conclusions
In strictly ‘normal’ individuals (as detailed in material and methods section).

e  Some individuals can show mild increase in the P wave amplitude
on standing from the supine position or during active
hyperventilation prior to exercise if they have a significant increase
in heart rate.

e  Some individuals show a mild increase in the P wave amplitude
without any visually detectable change in P wave duration at the
start of exercise or during the first stage of exercise.

e  With increasing exercise and heart rate, P wave shifts towards the
QRS complex with a progressive reduction in amplitude and
duration. The descending limb of the P wave progressively merges
with the rapidly sloping PR segment. Changes are maximal at peak
exercise when a separate P wave may not be visible.

e During recovery, the P wave comes out of the PR segment.
Separate P wave is clearly visible by the end of the third minute of
recovery.

e By the end of the fifth or, sometimes, by the end of the seventh
minute of recovery the P wave amplitude and duration visually
resemble the P wave in resting supine stage.

e  Overall the P wave changes were dependent on changes in the
heart rate over the previous stage.

e In'normal' individuals, there is no electrocardiographic evidence
of left and/or right atrial abnormality during maximal symptom-
limited treadmill exercise using the Bruce protocol or during
recovery of up to nine minutes.
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