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Differentiation of “A-V Junctional Rhythms”

By BenyamiN J. ScHErRLAG, Pr.D., RaLpa LaAzzara, M.D., anp Ricaarp H. HeLrant, M.D.

SUMMARY

Considerable controversy exists regarding the site(s) of origin of so-called junctional rhythms.
However, experimental and clinical evidence indicates that a more precise identification of the
origin of these rhythms is now possible. Microelectrode recordings from the atrioventricular (A-V)
junction have clearly demonstrated that all three zones of the A-V node (upper nodal [AN], mid-
nodal [N], and lower nodal [NH] regions) exhibit action potentials which are functionally different
from those recorded in contiguous atrial and His bundle cells. In addition, the amplitude and rate
of rise of A-V nodal action potentials are markedly depressed by acetylcholine, a relative sensitivity
not shared by atrial and His bundle cells. Cells of the AN and NH regions of the A-V node do show
pacemaker activity as do His bundle cells. Experimental studies using His bundle recording tech-
niques indicate significant differences in heart rate between nodal rhythms produced by sinus node
isolation or suppression (average: 94 = 22 beats/min) and His bundle rhythms caused by A-V
nodal destruction (average: 39 =9 beats/min). Nontoxic doses of ouabain significantly reduced
the average A-V nodal rate to 55 beats/min whereas the same dose regimen did not change the
average rate of His bundle rhythms. Several clinical studies have claimed that the absence of “A-V
nodal” potentials during so-called middle and lower A-V nodal rhythms indicate a site of origin in
the His bundle and not the A-V node. However, the nondescript, sometimes spurious nature of A-V
nodal recordings severely 'm’ts this approach to differentiation of junctional rhythms. Recent clinical
studies using His bundle recordings showed that patients with complete heart block and narrow
QRS complexes could be clearly divided into two groups. In one group the heart rates ranged from
45-60 beats/min and invariably increased significantly following atropine administration (A-V nodal
pacemakers). In the other group heart rates ranged from 35-45 beats/min and there was no signifi-
cant response to atropine (His bundle pacemakers). Intra-His bundle block could be documented in
several patients in the latter group, confirming the His bundle location of the ventricular pacemaker.
In conclusion, evidence gained from experimental in vivo and in vitro animal studies and from
clinical investigations clearly suggests the existence of at least two pacemakers in the A-V junction.
The two A-V junctional pacemakers are distinctly different in both heart rate and chronotropic
response to cholinergic or cholinergic-blocking agents.
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HE LOCALIZATION of pacemaker activity

in the atrioventricular (A-V) node and the
His bundle region has been a subject of consider-
able debate. As many as five different pacemaker
sites have been described in the A-V junction:
coronary sinus ostium, the upper, middle, and lower
A-V node,! and more recently, the His bundle.? In
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the past, the distinction between these various
pacemakers was made primarily on the basis of the
temporal relationship between the retrograde P
wave and the QRS. The latter ordinarily shows the
same shape and duration as seen during supraven-
tricular rhythms. It has since become clear that
these temporal relationships can be affected by
relative antegrade and retrograde conduction times
as well as by the location of the pacemaker.?

Despite abundant accumulated evidence for the
existence of A-V nodal automaticity,* in recent
years some experimental findings have fostered the
concept that the A-V node is devoid of automatici-
ty.> Rhythms once attributed to the A-V node are
now referred to as low atrial or His bundle
rhythms.5 ¢ The inability to resolve this controversy
has led to a semantic compromise: the term

e

junctional rhythm.” The purpose of this paper is
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to examine evidence gained from microelectrode
and catheter electrode recordings in experimental
and clinical situations as they apply to the site of
origin of junctional rhythms. On the basis of these
data, a more precise classification of some of these
rhythms is suggested.

Definition of Terms

The terms to be discussed are defined as follows:
1) The A-V junction, according to the concept of
Pick and Langendorf,” includes the specialized
atrial fibers in the low right atrium or coronary
sinus near the A-V node, the A-V node itself, and
the common bundle or His bundle. 2) The A-V
node, according to the concept of Hoffman and
Cranefield,? includes “the entire complex of fibers
functionally interposed between the atrial fibers
proper and the His bundle proper.” On the basis of
differences in electrical properties, the A-V node has
been subdivided into an upper nodal (AN) region,
a midnodal (N) region, and a lower nodal (NH)
region.® %10 The action potentials of the AN are
morphologically intermediate between those of the
atrium and the N region. Those of the NH region
similarly bridge the N region and the His bundle.
In all these regions (AN, N, NH) conduction is
slower than in the atrium or the His bundle. The
upstroke velocity and action potential amplitude
are correspondingly low. 3) The common bundle or
His bundle is that structure which sits on the crest
of the intraventricular septum connecting the A-V
node with the bundle branches. According to Lev
and Widran,”* Hudson,'? and more recently,
Rosenbaum et al.,'® the bundle of His is composed
of two segments. “The penetrating portion of the
bundle travels from the distal end of the A-V node
to a point where the initial radiations of the left
bundle are given off.” The branching portion stems
from the point where the bundle starts to emit the
most posterior fibers of the left bundle to the point
which marks the origin of the right bundle branch
and the most anterior fibers of the left bundle
branch.'®

Microelectrode Recordings
from the A-V Junction
Microelectrode techniques have been utilized to
ascertain the differential responses of the cells of
the A-V node and His bundle to various physiologi-
cal and pharmacological interventions. Block of
premature impulses may occur in any of the three
regions.'* 15 16 All of these cells in the A-V node
share a far greater sensitivity to acetylcholine than
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those of the His bundle proper.'” The loss of
amplitude and upstroke velocity of the action
potential of the A-V nodal cells with acetylcholine is
a response which is qualitatively different from
ordinary atrial cells or the cells composing the His
bundle. In common with His bundle cells and some
specialized atrial cells (sinus node), cells of the
NH® and AN?!® regions of the A-V node show
pacemaker activity.

The action potentials of His bundle cells have
greater amplitude and upstroke velocity than those
of the A-V nodal cells.? In contrast to the A-V nodal
cells, the amplitude and upstroke velocity of the His
bundle cells are relatively constant over a wide
range of heart rates and are relatively insensitive to
acetylcholine.’” His bundle cells display slow
diastolic depolarization, and pacemaker activity can
occur when complete heart block is produced by
acetylcholine.? The rate of diastolic depolarization
is relatively unaffected by acetylcholine.!?

Thus the response of the action potentials of the
A-V node and His bundle to rate changes, as well as
their responses to acetylcholine, are clearly differ-
ent. However, specific A-V nodal cell types and His
bundle cells do show spontaneous depolarization
characteristic of pacemakers.

Characteristics of Junctional Pacemakers
in Experimental Studies

Rate

Recent studies in animals and man, employing
electrode catheter recordings from the A-V junc-
tion, have established criteria for differentiating
junctional rhythms. Experimental studies in dogs
with A-V nodal escape rhythms, induced after
cooling or crushing of the sinoatrial node (SA),
showed A-V nodal escape rates during pentobarbi-
tal anesthesia of 94 = 22 beats/min.1® On the other
hand, in animals with heart block, caused by local
injection of the A-V node with formaldehyde, the
QRS configuration and duration remained essential-
ly unchanged and the heart rate averaged 39 =9
beats/min. Figure 1 shows typical recordings in a
dog with sinus rhythm, A-V nodal rhythm, and His
bundle rhythm during complete heart block.
During A-V nodal rhythm, the His bundle potential
precedes atrial and ventricular activity, a recording
which is characteristic of the mid A-V nodal
rhythm. With the induction of complete heart
block, atrial and ventricular activity are completely
dissociated but the His bundle potential still
precedes the essentially unchanged QRS complex
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Atrial, His bundle, and ventricular relationships in a dog during normal sinus rhythm (NSR), A-V rhythm
(AV) and His bundle rhythm (BH). The top trace in each panel is a standard lead II electrocar-
diogram (L-2); below is the His bundle electrogram (HBe) showing atrial, A; His bundle, BH; and
late activity in the base of the ventricular septum, S. A) Normal sinus rhythm at a rate of 130/min
with His bundle activity occurring during the P-R interval of the surface electrocardiogram. B)
A-V nodal thythm at a rate of 79 beats/min produced by cooling the sinoatrial node. Note that His
bundle activity precedes atrial activity which in turn occurs just prior to ventricular activity. C) His bun-
dle rhythm at 49 beats/min with complete heart block produced by injection of A-V node with formal-
dehyde. Note the dissociation of atrial activity from ventricular activity. A His bundle deflection pre-
cedes each ventricular complex and a normal QRS configuration persists. The inferval between time lines
equals 1 sec. Reproduced with permission of the Amer Heart | (81: 227, 1971).

by the same interval as that seen during normal
sinus rhythm and A-V nodal rhythm.

In addition to these physiologic differences, A-V
nodal and His bundle rhythms also have differential
chronotropic responses to ouabain.’® With progres-
sively increasing (nontoxic) doses of ouabain, the
mean rate of A-V nodal rhythm decreased from 94
to 55 beats/min. In contrast, in animals with His
bundle rhythms, there was no significant change in
heart rate over the same range of ouabain dosages
(average rate, 40 beats/min).

Thus, experimentally created A-V nodal and His
bundle rhythms have markedly different “escape”
rates and chronotropic responses to ouabain.

Conduction
In another study from our laboratory, on the
intact dog heart, retrograde conduction from the

His bundle to the sinus node area was significantly
longer during His bundle rhythms, produced by
pacing the His bundle, than during spontaneous
mid A-V nodal rhythms at the same heart rate.?
Figure 2 illustrates a lead II electrocardiogram
recorded in conjunction with electrograms taken
from the area of the sinus node (SA), the region of
the His bundle (Hb), and the area of the coronary
sinus (CS). Changes in sequence of activation of
different recording sites are noted as the rhythm
changes from sinus rhythm to A-V nodal rhythm
and His bundle pacing rhythm. In panel B a mid
A-V nodal rhythm was produced by crushing the
sinus node. Note that the sequence of atrial activa-
tion then proceeded from the low atrium to the high
right atrium with coronary sinus and atrial activity
in the region of the His bundle preceding sinus
node activation. The P wave is coincident with

Circulation, Volume XLVIII, August 1973


http://circ.ahajournals.org/

9102 ‘ST Jequieldes uo 1sanb Aq /B1o'sfeulno feye-a119//:dny wioly papeojumoq

JUNCTIONAL RHYTHMS

A Sinus. Rhythm (i = 120/min

L-2 H-V = 32 msec

b o

CS A{, 4 ,
B"Middle'Nodal Rhythm

HR = 65/min
/\H-V = 32 msec /\(

.
-A

H AVU H-SA = 50 msec !CML_
|

——

vy

t V' H.CS = 35 msec

w

C His Bundle Pdcing

HR = 62/min

P Pi-R = 33 msec Pl
‘(‘“/\ v " r‘/\l'
*

1
H-SA = 115 msec

1

x ! H-CS. =100 msec l l
v | P
1

A comparison of retrograde His bundle to atrium conduction in the dog during mid A-V nodal (Mid-
dle “Nodal” Rhythm) and electrically induced His bundle rhythm showing atrial (A), His bundle (H),
and ventricular (V) activation. Traces in panels A and B, starting from the top: Lead II ECG (L-2);
bipolar electrograms from the sinus node area (SA), the His bundle (Hb), and coronary sinus ostium
(CS). In panel C traces are Lead Il ECG and bipolar electrograms from SA and CS. A) During sinus
rhythm (heart rate 120 beats/min) initial activity occurred in the sinus node area. Then the atrium was
activated in the A-V-node-His-bundle region (A). Atrial activation in the area of the coronary sinus os-
tium followed. The H-V time was 32 msec. B) After crushing the sinus node, a mid A-V nodal rhythm
(heart rate 65 beats/min) was produced with the P wave temporally coincident with the QRS. His bun-
dle activation preceded all activity and the H-V time remained unchanged (32 msec). However, atrial
activity in the His bundle electrogram was coincident with the early portion of the ventricular activa-
tion (note V complex in panel A) and was the earliest atrial activation recorded. Activation in the area
of the coronary sinus ostium (CS) and sinus node (SA) followed. The retrograde conduction time from
the onset of His bundle activity to the CS and SA activation was 35 and 50 msec, respectively. C)
During His bundle pacing at essentially the same rate as the spontaneous mid A-V nodal rthythm (panel
B), the time from delivery at the pacing impulse (PI) to activation of the CS and of the SA was 100
and 115 msec, respectively. Note that the time from PI to the onset of ventricular activity closely cor-
responded to the previously measured H-V time (panels A and B) and the QRS was identical to that
seen during sinus and mid A-V nodal rhythm. The interval between time lines equals 1 sec.

Figure 2
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ventricular activation and thus is not seen on the
surface electrocardiogram. The His bundle deflec-
tion (H) precedes ventricular activation by 32
msec, the same as that seen during sinus rhythm. If
this mid A-V nodal rhythm actually arises in the His
bundle, as has been suggested by Damato et al.,® it
should be possible to pace the His bundle at
approximately the same rate as the mid A-V nodal

Circulation, Volume XLVIIl, August 1973

rhythm and show that the time from the paced
impulse back to any part of the atrium is essentially
the same as that seen during the spontaneous mid
A-V nodal rhythm. In panel C (fig. 2), His bundle
pacing was achieved at a slightly lower heart rate
than the mid A-V nodal rhythm (A-V nodal
rhythms can be readily suppressed by overdrive).
Note that the QRS is unchanged from that recorded
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Table 1

Comparison of Spontaneous Mid Nodal Rhythm and
His Bundle Rhythm at Similar Heart Rates in Dogs*

Spontaneous mid A-V

nodal rhythm His bundle pacing
HR

BH-SA BH-SA
Exp. (beats/min)  (msec) (msec) (beats/min)
1 108 75 150 108
2 92 50 62 93
3 95 45 105 90
4 109 65 105 103
5 90 39 75 95
6 124 45 65 125
7 103 50 95 104

Average = sp 103 = 11 533 = 121 94 = 28f 103 =9

Abbreviations: HR = heart rate; BH = bundle of His;
SA = sinus node.

*From reference 20.

tPaired ¢ test, P < 0.01.

during spontaneous A-V nodal rhythm or sinus
rhythm and that the time from the pacer impulse to
the R wave (PI-R) is equal to 33 msec, the same as
the H-V time as measured in panels A and B during
spontaneous rhythm and mid A-V nodal rhythm,
respectively. However, the time from the stimulus
applied at the His bundle to activation of the SA
node electrogram and the coronary sinus electro-
gram was 115 and 100 msec, respectively. This is

SCHERLAG, LAZZARA, HELFANT

markedly longer than the time measured from the
recorded His bundle deflection to the SA nodal
electrogram or the coronary sinus electrogram
during the spontaneous mid A-V nodal rhythms.
The significant increase of conduction time during
His pacing reflects the delay of the impulse across
the entire A-V node. During mid A-V nodal
rhythms the impulse must traverse only a portion of
the A-V node. The average values and standard
deviations recorded for retrograde conduction time
during mid A-V nodal rhythms and during His
bundle pacing at the same heart rate show that the
retrograde conduction time during the His bundle
pacing is significantly increased when compared
with conduction time during spontaneous A-V
nodal rhythm (table 1).

A-V Nodal Potentials

Several recent studies have utilized catheter
recordings of A-V nodal potentials? to differentiate
the origin of junctional rhythms.® 2> Damato et al.®
indicated that recordings of A-V nodal potentials
were made in three patients with so-called middle
and lower A-V nodal rhythm. Pacing of the atrium
at a faster rate than the nodal rate resulted in a
sequence consisting of atrial depolarization, a small
slow potential, His bundle activation, and ventricu-
lar activation. During A-V nodal rhythm the slow

ECG gl

HBE

Figure 3

Influence of electronic filtering on slow waves in the P-R interval in a patient. The two traces above are
standard lead Il and a His bundle electrogram recorded with bandpass filters of 0.1 to 200 Hz. Note
that the His deflection in the second trace occurs on the crest of a slow wave. In the bottom trace, the
His bundle electrogram frequency settings of 40-500 Hz show a deflection resembling an N potential at
the end of atrial depolarization but prior to His bundle depolarization. cps= Hz. (From Circulation 39:

13, 1969).
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Figure 4

His bundle electrocardiographic analysis of a patient with complete heart block in which the lesion
was localized proximal to the recording of the bundle of His electrogram. At the top are 12 standard
ECG leads showing a narrow QRS complex with atrioventricular dissociation. The His bundle recording
showed His bundle activity (BH) constantly linked to ventricular activity (V) and QRS complexes (H-V
=40 msec, R-R = 1320 msec). Atrial activity (A) occurs at a cycle length of 770 msec and is indepen-
dent of ventricular activation. (Modified from Circulation 41: 437, 1970).

A-V nodal or “N potentials” did not precede His
bundle activity but were associated with atrial
activity, the latter usually occurring during or after
ventricular activation. However, each QRS complex
was preceded by a His bundle potential. The
authors interpreted these data as evidence that the
site of origin of these rhythms was the His bundle,
not the A-V node. However, an isoelectric segment
was usually interposed between the A-V nodal
deflection and the His deflection. Since activation of
A-V node is continuous throughout the interval
between activation of the atrium and the His
bundle,'® a portion of A-V nodal activation must
occur during the isoelectric interval present in the
recordings reported in the study by Damato et al.,
as well as in the isoelectric interval recorded
in another similar study in the experimental
animal.% 22 This argues against the authors’ conten-
tion that the absence of an A-V “nodal potential”
preceding a His deflection localizes the pacemaker
in the His bundle, because the A-V nodal activity
occurring during the isoelectric interval may be
unrecorded or undetectable.??

Circulation, Volume XLVIII, August 1973

Slow deflections recorded at the A-V junction
should be interpreted cautiously. False potentials
were recorded by Scher et al.?* In addition, slow
potentials are invariably present during the P-R
interval in unfiltered records (fig. 3). These slow

Figure 5

Electrocardiogram showing the response of a patient with
complete heart block to atropine. A previous His bundle
study indicated block was proximal to the recorded His
bundle electrogram. A) Note the slow ventricular rate of
40 beats/min and dissociated atrial rate of 73 beats/min.
B) After 0.5 mg atropine, the ventricular rate increased to
75 beats/min. The QRS retained its configuration duration
and complete A-V block is still evident. (From Circulation
41: 437, 1970).
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potentials are presumably associated with atrial evidence for the existence of pacemakers in the A-V
repolarization.?® The application of the convention- node and His bundle. Both physiological and
al filter settings to record the His bundle electro- pharmaco]ogical studies were performed on 25
gram (40-200 Hz) can convert the slow potentials patients with complete heart block and a narrow
into A-V “nodal humps” or “N potentials” (see fig. QRS complex.?¢ Figures 4-6 illustrate examples of

3). Indeed, Hoffman et al. have suggested that
upstroke velocities of cells of the A-V node are too
slow to be recorded by commonly used extracellular
techniques.?”

Thus, the nondescript, spurious nature of A-V
nodal recordings would severely limit if not totally
exclude their usefulness in differentiating the site of

the two groups of patients which were defined. In
fig. 4 a bipolar His bundle recording (BE) was
made in a patient with complete heart block and a
narrow QRS complex (see 12 lead ECG above and
three simultaneously recorded ECG leads I, aVR,
and aVF below).?” It can be seen that the ven-

origin of junctional rhythms. tricular activity was preceded in each cycle by a
His bundle deflection. Atrial activity was not

Clinical Studies related to either His bundle or ventricular activa-

Recent studies in man have provided further tion. With the administration of a small dose of

v
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Figure 6

His bundle electrocardiographic analysis of patient with complete heart block and narrow QRS complex.
At the top are the 12 standard ECG leads showing QRS complex and dissociated atrial activity. A) The
His bundle electrogram (BE) indicates two rapid deflections, one associated wiih atrial activity, the other
associated with ventricular activity (BH and BH', respectively). Premature atrial stimulation (PI = pacer
impulse) shows that the A to BH time widens from 90 to 150 msec. B) C) Validation of the BH’ poten-
tial was performed by His bundle pacing at a heart rate of 57-85 beats/min. Note that the QRS is the
same as that recorded during spontaneous ventricular activity, (panel A), and the stimulus to R wave
interval (PI-R = 40 msec) is exactly the same as the measured BH'-V interval. (From Circulation 41: 77,
1970.)
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Table 2
Electrophysiological and Pharmacological Characteristics of Pacemakers in Patients with Complete
Heart Block
Site of block by His Probable
QRS duration Heart rates electrogram site of
(msec) (beats/min) recording Response to atropine pacer
Group A 0.08-0.10 45-60 Proximal to His Marked increase in rate A-V node
recording (35-45 beats/min)
Group B 0.08-0.10 36-43 Distal to His No appreciable rate His
recording or change (=5 beats/min) bundle

intra-His lesion

atropine the heart rate accelerated from a rate of 40
to 75 beats/min (fig. 5).

In fig. 6 another patient who exhibited complete
heart block and a narrow QRS complex was studied
using His bundle-electrocardiography. In this case
the His bundle recording showed that there were
two deflections recorded on the His bundle
electrogram (BE)—one associated with atrial
activity (BH) and the other preceding ventricular
activity (BH’).2” That both these deflections ema-
nate from the His bundle was validated by
recordings during an induced premature beat (PI)
which widened the A-H interval from 90 to 150
msec, an increase that indicates that this deflection
(BH) was not part of atrial activity. In addition,
panels B and C illustrate that pacing from the His
bundle recording electrodes produced capture of
the ventricles with 1:1 conduction. During pacing
the same QRS morphology was produced as in the
unpaced state in all leads, and the time interval
from the pacer impulse to ventricular activation
(PI-R) was the same as the unpaced H-V time seen
in panel A (40 msec). Atropine induced no
significant change of rate (an increase of 5 beats or
less) in contrast to its marked effect on the first
patient discussed.

In table 2 this series of patients with complete
heart block is separated into two groups, each
showing a narrow QRS complex. In group A the
heart rates ranged from 45 to 60 beats/min and
invariably increased significantly with atropine. In
group B the heart rates ranged from 35 to 45
beats/min and the block was located distal to the
recorded His bundle deflection. In several cases
intra-His bundle lesions could be discerned by
recording of double but dissociated His bundle
deflections (see fig. 6). There was no appreciable
effect of atropine on heart rate in these patients.
These differential responses to atropine in patients
with block proximal to the recorded H deflection or
blocks localized within the His bundle have also

Circulation, Volume XLVII, August 1973

been reported recently by Rosen et al.?® Thus, the
site of block in patients with complete heart block
and narrow QRS can be differentiated on the basis
of escape rates and heart rate response to
atropine.

Conclusion

In summary, studies in both the experimental
animal and in man indicate that rhythms arising in
the A-V junction can be differentiated into at least
two groups. Basic electrophysiologic studies indi-
cate that action potentials in the A-V node and His
bundle clearly respond differently to rate changes
and to acetylcholine. Experimentally created A-V
nodal and His bundle rhythms have different
escape rates and chronotropic responses to ouabain.
In addition, conduction times from His bundle to
atrium in A-V nodal rhythms and during His
bundle pacing at the same rate are significantly
different. In man, A-V nodal escape rhythms are
relatively fast (45-60 beats/min) and the rate
increases markedly in response to atropine. Escape
rhythms arising in the His bundle are somewhat
slower (35-45 beats/min), and their rate is relatively
unchanged by atropine.
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