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Physiological importance of different atrioventricular
intervals to improved exercise performance in
patients with dual chamber pacemakers
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SUMMARY To determine the importance of different atrioventricular intervals during exercise in
patients with dual chamber pacemakers, seven patients with complete heart block and sinus
rhythm were exercised in different pacing modes and atrioventricular intervals: (a) ventricular
inhibited (VVI) pacing with no synchronous atrial augmentation or rate responsiveness; (b) atrial
synchronous ventricular orDDD pacing with a short mean (SD) atrioventricular interval of66 (4)
ms; and (c)DDD pacing with a long atrioventricular interval of 168 (12) ms. Pacing with a short or
long atrioventricular interval gave similar maximum heart rates, oxygen uptake at the anaerobic
threshold, end tidal pressure of carbon dioxide or oxygen pulse (a measure of stroke volume).
Pacing with either a short or long atrioventricular interval produced a significantly higher oxygen
consumption and anaerobic threshold and less lactate production than VVI pacing.
During exercise a short atrioventricular interval does not provide a better cardiopulmonary

performance than a long atrioventricular interval.

Dual chamber pacemakers that allow synchronous
atrioventricular pacing can increase resting cardiac
output by as much as 29% compared with ventricular
fixed rate pacemakers.'`' This improvement in exer-
cise capability may be attiibuted either to an
atrioventricular interval that results in a properly
timed atrial contraction before ventricular contrac-
tion or to the atrial rate responsiveness that permits
the ventricular pacing rate to increase with metabolic
demands.' It is unclear, however, whether a specific
atrioventricular interval will improve haemodynamic
function during exercise in patients with dual cham-
ber pacemakers.7' This study was designed to
measure cardiopulmonary function to determine
what atrioventricular interval contributes most to
improve exercise performance in patients with dual
chamber pacemakers.

Patients and methods

We studied seven patients with dual chamber
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pacemakers (table 1). All patients were in sinus
rhythm with complete heart block and none had
anterograde or retrograde conduction. Patients were
able to exercise on a bicycle to exhaustion or leg
fatigue. Echocardiograms were performed on all
patients.

PACING PROTOCOL
Each patient performed identical exercise testing in
two different pacing modes and at two atrio-
ventricular intervals:

Ventricular inhibited pacing (VVI) with the ven-
tricular rate programmed to the sinus rate at rest.
Variation in paced rate reflected different sinus rates
at rest. This mode meant that there was no synchron-
ised atrial contraction because all patients were in
complete heart block and their ventricular rates did
not increase with exercise.

Universal or DDD pacing with a short atrio-
ventricular interval as suggested by von Bibra et al."0
The mean atrioventricular interval was set at 66 ms.
Patients used their own sinus rate to control the
implanted pacemaker. Thus the pacemaker func-
tioned as if it were in the VDD mode during exercise.

Universal or DDD pacing with a long atrio-
ventricular interval of mean (SD) 168 (12) ms. This
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Table 1 Clinical and exercisefindings in seven patients with dual chamber pacemakers

Pacemnaker Short Long Work rate
Age Weight Cardiac implanted AVI A VI increment

Case Sex (yr) (kg) diagnosis Pacemaker (mnth) (ms) (ms) permn (W)

1 M 63 65 IHD Pacesetter AFP 16 65 165 5
2 M 49 61 None Pacesetter AFP 7 65 165 10
3 F 60 56 MVR Pacesetter AFP 2 65 165 5
4 M 62 110 IHD Cordis Gemini 36 75 175 10
5 M 55 105 IHD Pacesetter AFP 18 65 165 10
6 M 41 84 AVR Intermedics Cosmos 13 65 150 15
7 M 24 70 AVR Pacesetter Genesis 1 65 190 10
Mean (SD) 51(14) 79(22) 13(12) 66(4) 168(12) 11(5)

AVI, atrioventricular interval; AVR, aortic valve replacement; IHD, ischemic heart disease; MVR, mitral valve replacement.

atrioventricular interval was based on previous
studies by the authors and others.89 DDD pacing
allowed atrial rate responsiveness in this group of
patients with sinus rhythm and resulted in VDD
pacing during exercise.

EXERCISE PROTOCOL
All the exercise tests for each patient were usually
performed on the same day and there was an interval
of at least 30 minutes between tests. Patients were in
the preselected pacing mode at least 15 minutes
before the start of exercise to allow for equilibration.
The different modes for each patient were selected in
a random order before exercise. The patient and
technician, but not the physicians, were blind to the
pacing mode chosen. Informed consent was obtained
from each patient and the protocol was approved by
the institutional human subjects committee.
Each exercise test consisted of the patient sitting

for three minutes at rest, followed by three minutes of
unloaded cycling, and then incremental increases in
work rate each minute. The work rate was increased
by 5, 10, or 15 W each minute and was chosen for
each patient to obtain approximately 10 minutes of
exercise based on standard tables. Patients under-
went maximal exercise on a bicycle until exhaustion
or leg fatigue occurred. Because the purpose of this
study was to assess the role of atrial augmentation
during exercise, the incremental work rate and time

of exercise were kept constant for each individual
patient during the three exercise tests. None of the
patients was being treated with P blockers or other
medications that affected sinus node function. We
excluded patients who had < 15% increase in sinus
rate with exercise (chronotropic incompetence) or
more than minimal pulmonary disease by pulmonary
function testing. No patients were in heart failure at
the time of the study.

EXERCISE EQUIPMENT
The patients exercised on a calibrated, electronically
braked stationary cycle, ergometer (Godart, Bitth-
oven, Netherlands). They breathed through a rubber
mouthpiece attached to a 49 ml deadspace breathing
valve (Edward Koegel, San Antonio, TX). The
expiratory flow was passed over an ambient-tem-
perature water bath through a Fleisch No. 3
pneumotachograph. A differential pressure trans-
ducer (47304A; Hewlett-Packard, Palo Alto, CA)
measured pressure across the pneumotachograph to
calculate expiratory flow. Gas was sampled at the
mouth through a capillary tube at a rate of 60 ml/min
and analysed by a mass spectrometer (MGA-1 100,
Perkin-Elkmer, Pomona, CA). Heart rate was con-

tinuously monitored and a three lead electro-
cardiogram was recorded intermittently during
exercise to ensure proper pacing.

Table 2 Echocardiographic data in seven patients with dual chamber pacemakers

Left
LVIDd LVIDs Atrium FS EPSS LVPW LVSW

Case (cm) (cm) (%) (%) (mm) (cm) (cm)

1 6-0 4-7 3-8 22 CE 1-6 1-6
2 5-0 3-0 2-9 40 10 1*0 1.1
3 3-4 2.0 5-2 41 4 1.0 0-8
4 7-1 5.9 4-5 17 34 1*6 1*0
5 4-4 3-6 4-7 18 14 1-5 1-7
6 4.1 30 4-0 29 6 1*6 1*6
7 5-9 3.9 3.7 51 CE 10 10
Mean (SD) 5-1(1-3) 3.7(0 7) 4-1(0-7) 31(13) 14(12) 1-3(0-3) 1-3(0-4)

CE, cannot estimate; EPSS, E point septal separation; FS, fractional shortening; LVIDd, left ventricular internal dimension at end diastole;
LVIDs, left ventricular internal dimension at end systole; LVPW, left ventricular posterior wall; LVSW, left ventricular septal wall.

Atrioventricular intervals during exercise 47
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48 Haskell, French
Table 3 Data (mean (SD)) on cardiopulmonary function in seven patients with dual chamber pacemakers studied during
exercise

DDD DDD
Exercise variable VVI Short AVI Long A VI p*

Maximum heart rate (beats/min) 78 (15) 123 (26) 128 (26) < 0-001
Maximum resp rate (min/1) 33 (8) 36 (7) 33 (8) NS
End tidal Co2 (mm Hg) 34 (7) 37 (8) 36 (6) < 0-05
Maximum ventilation (1/min) 48-3 (10-5) 46-9 (8-4) 47 0 (8 5) NS
Maximum oxygen uptake (ml/kg/min) 14 5 (2 7) 15-7 (2-6) 15-6 (2 8) < 0 05
Respiratory exchange ratio (R) 1-22 (0-15) 1-17 (0-15) 1-17 (0-15) NS
Anaerobic threshold (min) 8-1 (2-0) 9-8 (2-8) 10-2 (1-6) < 0-01
Oxygen uptake at anaerobic threshold (1/min) 11-4 (3 9) 13-0 (5-1) 12-8 (4-1) < 0-025
Oxygen pulse (ml/beat) 16(10) 11(6) 11(5) < 0-01

DDD, atrial synchronous ventricular pacemaker; max, maximum; WI, ventricular inhibited pacemaker.
*Statistical significance of difference betweenWI and DDD modes. There were no significant differences between DDD modes with short
or long atrioventricular intervals (AVI).

EXERCISE VARIABLES MEASURED
Minute ventilation, oxygen uptake, carbon dioxide
output, end tidal pressure of oxygen, end tidal
pressure of carbon dioxide, and the respiratory
exchange ratio were measured every 30 s during rest
and exercise. Oxygen pulse, calculated as oxygen
uptake divided by heart rate, is an indirect
measurement of stroke volume. Maximum oxygen
uptake was the highest oxygen uptake measured
during the exercise test. Anaerobic threshold was
determined by the characteristic gas exchange results
associated with the development of lactic acidosis:
the point at which the ventilatory equivalent for
oxygen (VE/VO2) begins to increase while the ven-
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Fig 1 The maximum heart rate achieved during exercise
was similarfor universal or DDD pacing (that is, VDD
mode during exercise) with short or long atrioventricular
intervals and was greater than during ventricular inhibited
( VVI) pacing. A VI, atrioventricular interval.

tilatory equivalent for carbon dioxide (VE/VCO,)
remains constant or decreases. The physiological
basis and evidence for this relation have been des-
cribed elsewhere."

STATISTICAL ANALYSIS
Variables during exercise were compared by an
analysis of variance, repeated measures design.'2 All
values are expressed as mean (SD). A p value < 0-05
was regarded as significant.

Results

CLINICAL
Three patients had dilated left ventricles and four
patients had evidence of reduced left ventricular
function as shown by the fractional shortening of the
E point to septal separation on the echocardiogram
(table 2). There was an increase in left ventricular
wall thickness in four patients consistent with left
ventricular hypertrophy.

CARDIOPULMONARY FUNCTION
None of the cardiopulmonary indices measured
during DDD pacing (that is VDD mode during
exercise) were significantly different with short or
long atrioventricular intervals (p = NS, table 3). Nor
was there any difference in the duration of exercise
during short (12-0 (2-2) min) or long (12-5 (1-8) min)
atrioventricular intervals or in the VVI mode (11 9
(2-01), p = NS). The maximum work rate was
similar with short (61 (36) W) or long (64 (38) W)
atrioventricular intervals orVVI pacing (61 (35) W, p
= NS).
There were important differences in several

cardiopulmonary indices between pacing with short
or long atrioventricular intervals and VVI pacing
(table 3). As expected, there was a significant
difference between maximal heart rate achieved
during exercise in patients with VVI pacing and both
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Atrioventricular intervals during exercise
14*

12-

1E
6 ov

0

41,*Z 8-
0

C0

* p<0.05 v VVI *p<O0O0 v VVI

VVI DDD DDD
Short AVI Long AVI

Fig 2 There was no difference in maximum oxygen uptake
with either short or long atrioventricular intervals but both
settings produced a higher value than ventricular inhibited
(VVI) pacing. A VI, atrioventricular interval; DDD,
universal pacing.

short or long atrioventricular intervals (p < 0)001)
(fig 1). The maximum oxygen uptake with short or
long atrioventricular intervals was significantly
greater than with VVI pacing (fig 2). The end tidal
pressure of carbon dioxide with short or long
atrioventricular intervals was similar (p = NS), but
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Fig 3 Patients with ventricular inhibited (VVJ
attained a higher oxygen pulse than patients with
long atrioventricular intervals. A VI, atrioventri
interval; DDD, universal pacing.

VVI DDD DOD
Short AVI Long AVI

Fig 4 The anaerobic threshold was significantly higher with
short or long atrioventricular intervals than with ventricular
inhibited ( VVI) pacing. A VI, atrioventricular interval;
DDD, universal pacing.

both were higher than with VVI pacing (p < 0-05).
The oxygen pulse (oxygen uptake/heart rate) was
higher with VVI pacing than with either short or long
atrioventricular intervals (p < 0 01, fig 3).
The anaerobic threshold was significantly lower

with VVI pacing than with short or long atrio-
ventricular intervals as measured by oxygen uptake
at the anaerobic threshold (p < 0-025, table 3) or by
the time taken to achieve anaerobic threshold
(p < 0-01, fig 4). Although there were no statistically
significant differences among the respiratory
exchange ratios for different pacing modes there was
a tendency for DDD pacing to give lower values than
VVI pacing.

Discussion

In the past decade dual chamber pacemakers have
* been developed that permit appropriate synchronis-

ation of atrial contraction before ventricular systole.
There is little doubt that many patients benefit both
clinically and haemodynamically from dual chamber

.01 v VVI pacing.""'5 The correct timing of the atrial contrac-
tion in relation to the ventricular contraction is
important, because atrial augmentation may increase

DDD resting left ventricular end diastolic volume and
Long AVI forward cardiac output in patients with sinus rhythm

r) pacing by as much as 37%."" However, the usefulness of

short or atrial synchronised contraction at higher heart rates
cular achieved during exercise is unclear.6 Universal or

DDD pacemakers can optimise the timing of atrial
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50
contraction by varying the atrioventricular interval
and exercise performance could be maximised by an
ideal setting.
Von Bibra et al studied resting M mode echocar-

diographic measurements in patients with pacemak-
ers and showed that a short atrioventricular interval
of 50 ms or 75 ms was likely to promote more
physiological conditions by maximising left ven-
tricular filling time.'0 They found that a short
atrioventricular interval still produced atrial aug-
mentation of ventricular filling (VDD) probably
because of an additional 80 ms electrical mechanical
delay between the ventricular pacing spike and the Q
wave on the electrocardiogram in patients with
pacemakers compared with patients in sinus rhythm.
Thus the functional atrioventricular delay was 80 ms
longer than the atrioventricular interval set on the
pacemaker. They concluded that, theoretically, a
setting giving a short atrioventricular interval would
be sufficient to maintain normal intervals between
atrial and ventricular contraction in paced patients
(VDD). However, Haskell and French, using pulsed
Doppler derived measurements of cardiac output in
resting patients showed that a short atrioventricular
interval of 66 ms (mean) gave the lowest cardiac
output.8
Von Bibra et al also showed that a longer atrioven-

tricular interval of 150 ms often meant that the mitral
valve closed before the onset of ventricular systole.
This would reduce late diastolic ventricular filling
and presumably cardiac output. However, others
showed that an atrioventricular interval of 150 or 200
ms caused the largest increase in cardiac output but
than an atrioventricular interval of250 ms resulted in
a fall in cardiac output.8

In the current study there was no significant
difference during exercise between a short and long
atrioventricular interval, but both settings gave more
physiological benefit than fixed rate ventricular pac-
ing. This conclusion is based on measurement of
cardiopulmonary function in patients paced in
different modes during exercise. Maximum oxygen
uptake was higher at both atrioventricular intervals
than during VVI pacing, suggesting that both set-
tings gave similar physiological benefits and were
better than fixed rate VVI pacing during exercise.
Maximum oxygen uptake is probably the best single
physiological indicator of a patient's capacity for
maintaining heavy work. Factors which limit max-
imum oxygen uptake are cardiac output, oxygen
utilisation by the exercising muscles, and the gas
exchange properties ofthe lungs. Since patients were
exercised for the same amount of time and workload,
oxygen use by muscles and gas exchange in the lungs
were similar in all three paced groups. The increase
in cardiac output probably reflected differences in

Haskell, French
atrial augmentation or heart rate or both. Values for
maximal oxygen uptake were below predicted values
foi normal subjects because heart function was
compromised. But the small changes measured in
this group ofpatients gave an appreciable percentage
change in total oxygen uptake during exercise. Most
patients in this study had a reduced anaerobic
threshold and reduced oxygen uptake at the
anaerobic threshold. The mean values for the
anaerobic threshold and oxygen uptake at the
anaerobic threshold for patients with different
atrioventricular intervals were similar and slightly
reduced, but both variables were significantly better
than in the VVI mode. Since the oxygen uptake at the
anaerobic threshold defines the level of work that a
patient is capable of sustaining, this suggests that the
different atrioventricular settings probably permit-
ted the patient to function at a higher workload,
without resorting to anaerobic metabolism, than
fixed rate VVI pacing.
End tidal carbon dioxide pressure was higher with

both atrioventricular intervals; this was probably
because lactate production from muscles was
reduced as a result of a higher cardiac output. More
lactate was likely produced with VVI pacing because
cardiac output was lower. The lactate acidosis
stimulates the carotid chemoreceptors and leads to
hyperventilation and a lower end tidal carbon dioxide
value.

Because the oxygen pulse was greatest with VVI
pacing, exercise performance in this mode was
probably dependent on increased oxygen extraction
by the exercising muscles and not on improved
cardiac output from enhanced cardiac function.
Since the amount of oxygen that the muscles can
extract is limited, this may account in part for the
inability of patients to exercise as efficiently in the
VVI mode as in either ofthe other twoDDD settings.

ATRIAL AUGMENTATION AND RATE
RESPONSIVENESS
This study was not designed to compare the useful-
ness of atrial synchronised contraction with rate
responsiveness. Karlof first showed that only 8% of
any improvement in cardiac output could be
attributed to atrioventricular synchrony in patients
paced during exercise.' Fananapazir et al found that
rate, and not an appropriately timed atrial contrac-
tion, was the major physiological determinant of the
40% improvement in exercise performance in
patients with rate responsive compared with fixed
rate ventricular pacing.'7

Shapland et al showed that in dogs with complete
heart block synchronous atrical contraction only
contributed a small amount to the increase in cardiac
output during exercise and that a pacemaker that
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rioventricular intervals during exercise 51
sed the rate in response to an increase in

bolic demand maintained haemodynamic values
nearnormal values by exercise.'8
Benditt et al and Humen et al showed that in
dents with an activity initiated, chronotropic-res-
sive pacemaker the heart was more important
g exercise than it was when a single chamber
rate ventricular pacemaker was used.1' 2" Thus it

possible that rate alone, and not a short or long
ventricular interval, provides the greatest

ysiological benefit during exercise.

MITATIONS OF STUDY
use this study was not double blind, the exercise

eand work rate in exercise periods two and three
subjectively controlled by the physicians to
e an adequate exercise duration. However, the

a exercise test was performed to a maximal
load. This explains why the duration of exercise
work rate were not different in the different
g modes. However, other more important
bles of cardiopulmonary function, such as

gen uptake, anaerobic threshold, and end tidal
sure of carbon dioxide are independent of the
unt of exercise if anaerobic threshold is reached,

itwas in this study.2' Also this study related only to
short term benefits of different pacing modes.

e long term effects of DDD pacing at different
doventricular intervals are unknown.

INICAL IMPLICATIONS
bs study suggests that pacing with short or long
noventricular intervals is well tolerated and
vided similar physiological benefits during exer-
in patients with normal or reduced left ven-
lar function. Clearly, it is not necessary to use

usually short atrioventricular intervals to achieve
dtional physiological benefits at rest or during
cise. In fact, very short atrioventricular intervals

< 150 ms) may produce unnecessary ventricular
g and shorten the useful life of the battery.

cthank Dr Richard Casaburi for his review of the
uscript.
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