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ABSTRACT. Previous studies have suggested that the
atriovenous nodal functional refractory period in the neo-
nate is equal to or shorter than that of the ventricle,
providing little or no protection to the ventricle against
rapid atrial rates and allowing closely coupled atrial beats
to fall within the ventricular vulnerable period. We evalu-
ated atriovenous node function in 21 mongrel neonatal
puppies, 3—15 days old, and 15 adult dogs utilizing intra-
cardiac His bundle recording and stimulation techniques.
The mean atriovenous nodal functional refractory period
(173.1 £ 20.0 ms) exceeded both the ventricular effective
refractory period (139.5 * 14.3) and ventricular functional
refractory period (163.3 * 14.5) in the neonates. Further-
more, the atriovenous node was the site of limiting ante-
grade conduction in all neonates. No ventricular arrhyth-
mias were induced by atrial extrastimulation in any of the
neonates. The site of conduction delay during atrial extra-
stimulation was confined to the atriovenous node in 15/16
neonates (94%) while 1/16 (6%) had combined nodal and
infranodal delay. The neonates developed Wenckebach, at
significantly faster heart rates than the adults, but both
groups developed Wenckebach at approximately twice the
resting heart rate. Retrograde conduction was a consistent
finding in the neonates. However, antegrade Wenckebach
occurred at a significantly faster heart rate than retrograde
Wenckebach suggesting different functional properties.
Our data suggest that in the neonatal canine, the atrio-
venous node functional refractory period is longer than
both the ventricular effective refractory period and ventric-
ular functional refractory period. Furthermore, the degree
of protection offered by the neonatal atriovenous node to
the ventricle appears to be comparable to that of the adult.
(Pediatr Res 22: 616-620, 1987)
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BCL, basic cycle length

AERP, atrial effective refractory period

AFRP, atrial functional refractory period

AVNERP, atriovenous node effective refractory period
VERP, ventricular effective refractory period

PA, P wave to low right atrium interval

HYV, His to ventricle interval

WHR, Wenckebach heart rate

BHR, basic heart rate

AH, atium to his interval

Previous studies concerning the neonatal atrioventricular con-
duction system have concluded that in the neonate, the AVN is
not an effective “filtering device,” i.e. that little or no protection
is afforded to the neonatal ventricle against premature atrial
beats and rapid supraventricular rates by the AVN (1-4). These
conclusions are based on observations that 1) the VFRP is longer
than the AVNFRP in the immature heart and 2) that ventricular
arrhythmias can frequently be induced by supraventricular pac-
ing in the immature heart.

In this study we report AV nodal conduction characteristics
in the newborn puppy. Evidence is presented which suggests that,
in fact, in the neonatal puppy the AVN does function as an
adequate “filtering device” by virtue of having longer refractory
periods than the distal conduction system and by offering a
comparable degree of protection against rapid supraventricular
rates as in the adult.

METHODS

Two groups of dogs were studied: group I consisted of 21
mongrel puppies, ages 3-15 days (weight 500-1000 g), group II
consisted of 15 adult mongrel dogs. All animals were anesthetized
with sodium pentobarbital, 30 mg/kg initial dose, given intra-
peritoneally in group I and intravenously in group II. Because of
the short duration of the experiment (approximately 2 h), sup-
plementary sodium pentobarbital was rarely needed. Those ani-
mals who required supplementation (i.e. increase in heart rate
or blood pressure or presence of spontaneous movements) re-
ceived one additional dose of sodium pentobarbital (15 mg/kg)
intravenously.

Both groups were intubated and mechanically ventilated. Dur-
ing the course of studies, arterial blood gases are monitored to
assure an adequate oxygenation and acid-base status.

Surface lead II EKG and femoral artery blood pressures were
constantly monitored. This model has been utilized in our lab-
oratory for the past 4 yr and significant changes in blood pressure
or heart rate rarely occur over a 6-h period (5).
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In group 1, a 4 F quadripolar catheter was inserted through the
right femoral vein and placed in the high right atiumanda S F
quadripolar catheter was inserted through the right jugular vein
and positioned in the RV apex under fluoroscopic guidance. In
group II, two 5 F quadripolar catheters were inserted through
the right femoral vein and placed in the high right atrium and
right ventricular apex. In both groups, through a left carotid
arteriotomy, a 4 F tripolar catheter was inserted and positioned
in the noncoronary cusp of the aorta under fluoroscopic guidance
to record the His bundle electrogram.

Intracardiac electrograms were amplified at a filter setting of
40-500 Hz (Electronics for Medicine, DR-6) and recorded on
direct writing paper (Kodak Linagraph) at a paper speed of 100
mmy/s.

Programed electrical stimulation was delivered either to the
atrium or ventricle at twice diastolic threshold and delivered by
a programable digital stimulator (Medtronics, model 5325).
Atrial and ventricular extrastimuli were coupled to the eighth
paced beat until atrial or ventricular refractoriness, respectively,
was reached. Both atrium and ventricle were paced at identical
cycle lengths. In this study, we attempted to measure atrial, AV
nodal and ventricular refractoriness under basal conditions.
However, because of naturally occurring sinus arrhythmia in
dogs, the PCL utilized was the longest cycle length which allowed
capture of all of the eight paced beats preceding the extrastimulus.
Thus, each animal was paced at a different cycle length but only
one PCL was used in each animal which was approximately the
animal’s sinus rate. Because the neonatal BCL is shorter than
that of the adult (see “Results”), the neonates as a group were
paced at a shorter PCL, than the adults. In group I the PCL
ranged from 250 to 320 ms (mean = 285 + 24.0 ms) and in
group Il the PCL ranged from 320 to 450 ms (mean = 375 *
42.7 ms). In group I, the PCL chosen for each animal ranged
from 73 to 93% of their BCL (mean = 84.2 + 5.1%) and in
group 11, the PCL used ranged from 69 t0 97% of the BCL (mean
— 842 + 9.6%). While the PCL may affect refractoriness (a
shorter PCL results in shorter refractoriness), the resuits obtained
by the selection of the PCL in the above fashion (PCL slightly
shorter than BCL), results in the refractoriness of the different
cardiac tissues approximating basal conditions (i.e. sinus rate).

Rapid atrial pacing was performed for 30 s at 25 bpm incre-
ments until Wenckebach conduction was observed. In those
animals in which retrograde conduction was present, rapid ven-
tricular pacing was performed at 25 bpm increments until retro-
grade Wenckebach was observed.

Definitions. Sy, Ai, Hy, V, refer to pacing spike artifact, atrial,
His bundle, and ventricular electrograms of the basic paced
rhythm, while S, A, Hz, V, refer to the corresponding events
recorded with the extrastimulus. AERP: the longest S,S; that
fails to result in an atrial depolarization. AFRP: the shortest
AA, in response to any S,;S;. AVNERP: the longer A A; meas-
ured in the His bundle electrogram that fails to produce an Ho.
AVNEFRP: shortest H,H; in response to any A;A,. VERP: the
longest S,S; that fails to produce a V2 upon ventricular pacing.
VFRP: the shortest V,V, in response to any S,S,.

Statistical analyses comparing observations in the neonatal
and adult groups were performed using a two tailed ¢ test. A p
value less than 0.05 was considered significant.
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RESULTS

Resting intervals (Table 1). The BCL was significantly shorter
in the neonates (339.9 + 34.1 ms group I; 449.5 * 64.6, group
1I, p < 0.001) and correspondingly to BHR was significantly
faster (178.2 = 18.9 ingroup I; 136.1 + 19.8 group 11, p < 0.001).

Small but significant increases with age were seen in the PA
interval (7.0 + 5.0 ms group I; 12.7 + 9.8 ms group I, p < 0.05)
and HV intervals (17.8 = 3.1 ms group I; 24.5 + 7.8 ms group
11, p < 0.05).

The AH interval, a measure of AV nodal conduction time,
although slightly longer in the adult, was not significantly differ-
ent from the neonate (56.8 £ 6.9 ms group I: 60.5 = 12.3 group
I1, NS).

Atrial and ventricular refractory periods (Table 2). Both the
atrial effective and functional refractory periods were shorter in
the neonate than in the adult (AERP: 59.0 + 11.4 ms group k&
136.3 + 19.7 group 11, p < 0.001/AFRP: 97.4 & 15.5 ms group
I: 176.9 + 18.5 ms group II, p < 0.001). The ventricular effective
and functional refractory periods were also shorter in the neonate
(VERP: 139.5 + 14.3 ms group I; 163.0 + 15.8 ms group Ip<
0.001/VFRP: 163.3 £ 14.5 ms group I; 193.3 £ 21.3 ms group
II, p < 0.001). The differences between the neonatal and adult
atrial refractory periods were greater than the differences in the
ventricular refractory periods. These findings are consistent with
previous observations (5).

AV nodal function. AV Nodal Refractoriness and Atrioventric-
ular Conduction Characteristics (Table 2). As a measure of the
response of the AV node to supranodal input, the AVNERP was
determined in both age groups. The AVNERP could be accu-
rately measured in 16 of 21 neonates while in five neonates,
atrial refractoriness was reached before the AVNERP could be
determined. In 11 of the 15 adult dogs, the AV conduction was
limited by atrial refractoriness. Of those neonates in whom the
AVNERP was determined, the mean AVNERP was 139.4 +
18.5 ms while in the adults it measured 227.5 £ 22.1 ms (p <
0.001). Thus, more closely coupled supraventricular extrastimuli

Table 2. Refractory periods

Parameter
(mean + SD) Neonates Adults
(N=21) (n=15)
AERP 590+ 114 136.3 £ 19.7
AFRP 97.4 £ 15.5 176.9 = 18.5
AVNERP 139.4 + 18.5 227.5 £22.1
(n=16)* (n=4)*
AVNFRP 173.1 £ 20.0 270.3 = 38.0
VERP 139.5 + 14.3 163.0 £ 15.8
VFRP 163.3 £ 14.5 193.3+£21.3
AVNFRP — VERP (ms)t 33.6 107.3
AVNFRP > VERP} 21/21 15/15
AVNFRP — VFRP (ms)t 9.8 77.0
AVNFRP > VFRP{ 16/21 15/15

* The remaining subjects had AVNERP atrial limited.
+ Difference between these two parameters in ms.
1 Number of subjects with AVNFRP longer than VERP or VFRP.

Table 1. Resting intervals

BCL (ms) BHR (bpm) PA (ms) AH (ms) HV (ms)
Neonates
Group I 339.9 + 34.1 178.2 = 18.9 7.0+ 5.0 56.8 + 6.9 17.8 + 3.1
(n=21)
Adults
Group 11 449.5 + 64.6 136.1 £ 19.8 127 £9.8 60.5 = 12.3 245+78
(n=15)
P value <0.001 <0.001 <0.05 NS <0.05
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would be more likely to penetrate the neonatal AV node than
the adult AV node.

The maximum output from the AV node is described by the
AVNFRP which could be determined in all subjects. Again, the
AVNERP was significantly shorter in the neonates than in the
adults (173.1 £ 20.0 ms group I; 270.3 = 38.0 ms group 11, p <
0.001).

Whether a supranodal impulse is able to reach the ventricle
and induce ventricular excitation will be determined by the
maximum output of the AV node (AVNFRP) and by the sensi-
tivity or responsiveness of the ventricle (VERP) to such input.
Thus, comparisons were made between the AVNFRP and VERP
(Fig. 1). The AVNFRP was found to be longer than the VERP
in all of the neonates (173.1 + 20.0, AVNFRP; 139.5 + 14.3,
VERP; p <0.001) and in all adults (270.3 + 38.0 ms, AVNFRP;
163.0 + 21.3, VERP; p < 0.001). Infranodal block (H, without
a V) was never observed. The mean differences between these
two measurements (AVNFRP and VERP) was much less in the
neonates (33.6 ms) than in the aduits (107.3 ms).

Previous studies concerning neonatal AV nodal function have
focused their attention on the similarity of the AVNFRP and the
VFRP (within 10 ms of each other). The mean AVNFRP ex-
ceeded the VFRP by 9.8 ms in the neonatal group which is
similar to what has been reported previously. In our study, 16 of
21 (76%) of the neonates had an AVNFRP that was longer than
the VFRP. Of these, the mean AVNFRP exceeds the VFRP by
17.5 ms. The remaining three of 21 neonatal canines had an
AVNFRP equal to or shorter than the VFRP with the mean
VFRP 15 ms longer than the AVNFRP. In all adults, the
AVNFRP was greater than the VFRP (77 ms difference) and,
again the difference between the means was larger than that
observed in the neonatal group.

In 15/16 of the neonates (94%) atrioventricular conduction
delay during atrial extrastimulation was confined to the AVN
with no change in infranodal conduction times (a type I response)
(6) (Figs. 2 and 3). In only 1/16 (6%) of the neonates was there
combined nodal and infranodal delay (type II response) (6).
None of the neonates had increases in intranodal conduction
times (A,H,) of more than 25 ms in response to any 10 ms
decrement in A A,.

As previously described, the atrial extrastimulation protocol
was carried out with only one extrastimulus (S,). Despite the fact
that in our neonates the AVNFRP was closer to both the VERP
and VFRP than in the adults, a single atrial extrastimulation (S,)
did not induce ventricular arrhythmias in any neonates at any
S:S; interval, suggesting that in this group, the AVN renders
protection to the ventricle from closely coupled supraventricular
stimuli.
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Fig. . Comparisons of AVNFRP, VERP, and VFRP in the neonates
(group I) and adults (group II).
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Fig. 2. Graphic representation of the response of the atrioventricular
conduction system to atrial extrastimulation in a neonate. AV nodal
input (A,A;) is plotted against AV nodal (H,H,) and AV conduction
system (V,V,) responses. Points above the diagonal “line of identity”
represent conduction delay. The shortest H;H, measured (AVNFRP) is
the limiting factor in antegrade conduction.
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Fig. 3. Intranodal (A;H,) and infranodal (H.V,) conduction intervals
in response to atrial extrastimulation (A,A,) in a neonate. At shorter
A\A; intervals, A,H, prolongs while H,V, remains unchanged.

AV Nodal Conduction Characteristics (Antegrade and Retro-
grade) (Table 3). As another measure of AV nodal function, the
paced heart rate at which antegrade Wenckebach periodicity
occurred (WHR) was determined in both groups during incre-
mental rapid atrial pacing. As expected, in the neonates, Wenck-
ebach developed at a significantly faster heart rate than in the
adults (336.6 = 30.0 bpm group I; 278.2 + 49.4 bpm group II
p < 0.001). However, when these results were then normalized
by dividing the WHR by the BHR, similar ratios were obtained
in groups I and II (Fig. 4). In the neonates, Wenckebach occurred
at 1.90 + 0.22 times the BHR while in the adults, Wenckebach
developed at 2.05 + 0.20 times the BHR. Thus, when normalized
for inherent differences in resting heart rate, the neonatal and
adult AVN appeared to render a similar degree of protection to
the ventricle from rapid supraventricular rates.

Retrograde conduction was present in all neonates and in only
4/15 (27%) of the adults. This is in agreement with previous
observations (5). In order to characterize the functional charac-
teristics of the retrograde conduction system, a comparison was
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Table 3. Wenckebach periodicity

BHR WHR WHR/BHR Retro WHR*
Neonates
Group ! 178.2 + 18.9 336.6 +30.0 1.90+0.22 293.7 £ 40.0
(n=21)
Adults

Group Il 136.1  19.8 2782 %494 205+ 0.20 211.7£35.3
(n=15) (n=4)

* Retro WHR, paced heart rate at which retrograde Wenckebach
developed during incremental rapid ventricular pacing.
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Fig. 4. Graphic comparisons of WHR, BHR, and WHR/BHR ratio
in the neonates (group 1) and adults (group II).

made between the heart rates at which retrograde and antegrade
Wenckebach occurred. In the neonates, antegrade Wenckebach
occurred at 336.6 + 30.0 bpm while retrograde Wenckebach
occurred at 293.7 + 40.0 bpm ( p < 0.001). Thus, while retrograde
conduction is uniformly present in the neonates, it appears that
antegrade conduction is somewhat better than retrograde con-
duction, with Wenckebach occurring at faster heart rates in the
antegrade direction.

DISCUSSION

Very few studies concerning the functional properties of the
immature AV node and atrioventricular conduction system have
been reported. Preston ef al. (1) studied the atrioventricular
conduction system in open chest pentobarbital anesthetized
young goats, pigs, and puppies. These investigators reported that
arrhythmias were commonly induced by atrial extrastimulation
in the young goats and pigs (but not in 6- to 12-wk-old puppies).
In that study, AV nodal conduction characteristics were inferred
(no recording of His bundle electrograms) and one of the major
premises of this study was that the ventriculoatrial (retrograde)
refractory period was equivalent to the antegrade AV nodal
refractoriness. They concluded that the AVNFRP is shorter than
the VFRP and that limitation to atrioventricular conduction in
the immature heart is imposed by the ventricle itself.

Moore (2) studied open chest pentothal anesthetized calves.
Although in that study no ventricular arrhythmias were inducible
by atrial pacing, there were no increases observed in AVN
conduction time in response to prematurely delivered extra-
stimuli. Instead, AV conduction delay was confined to the His
Purkinje system. The conclusion of this study was, again, that in
the immature heart the AVNFRP is shorter than the VFRP.

Gough and Moore (3) studied AV conduction in open chest
pentobarbital anesthetized goats. They concluded that in the
neonatal goat, the AVNFRP falls within 10 ms of the VFRP
and, that because of this, ventricular arrhythmias were com-
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monly induced during atrial extrastimulation. This functional
immaturity of the neonatal atrioventricular conduction system
has been implicated as a possible cause of sudden death in infancy
4).

In our model we utilized Na pentobarbital as the anesthetic
agent. Other studies have suggested that Na pentobarbital may
exert a vagolytic effect, which would tend to shorten AV nodal
refractoriness. Despite this, our results show that AV nodal
refractoriness is longer than that of the ventricle.

In our study, we present evidence that suggests that at least in
the neonatal canine, the AVN does render protection to the
ventricles from closely coupled atrial extrastimuli and rapid
supraventricular rates. Contrary to the previously cited reports,
we have shown that in the neonatal canine, the mean AVNFRP
is, in the majority of subjects, longer than the VFRP. Further-
more, ventricular arrhythmias were not induced by a single atrial
extrastimulation. However, S; and S, were not employed, which
may or may not have resulted in ventricular arrhythmias. In our
neonates, it was observed that the AVNFRP was always longer
than the VERP. Block distal to the bundle of His during atrial
extrastimulation never occurred in the neonates, again, in con-
trast to the previously cited reports. In our study, the neonatal
AV node acted as the primary site of conduction delay in the
atrioventricular conduction system and, as a rule, was the limit-
ing site of conduction during extrastimulation. Furthermore,
while the resting supraventricular rate is faster in the neonate,
the AH interval was the same in both groups, suggesting that the
neonates have a relatively longer AV nodal conduction time.
Thus, our data provide evidence that the neonatal AV nodal
conduction characteristics resemble those of the adult more so
than previous described.

Our findings concerning the development of Wenckebach
periodicity in the immature canine heart provides further support
for the concept that the neonatal AV node is capable of protecting
the ventricles from relatively rapid supraventricular rates. Al-
though the neonatal AV node developed Wenckebach periodicity
at a faster heart rate than in the adult, when normalized for the
resting heart rates in both groups, Wenckebach developed at a
heart rate of approximately twice the resting heart rate in each
group. While we recognize that the present experimental condi-
tions do not necessarily replicate the conditions during naturally
occurring supraventricular dysrhythmias (when the AV node
may be subjected to increased adrenergic stimulation and may
exhibit enhanced conduction characteristics) at least in the con-
trolled setting of the laboratory, under identical conditions, and
during identical pacing protocols, we find little or no differences
between the neonatal and adult AV node in the relative degree
of protection offered against rapid supraventricular rates as as-
sessed by the development of Wenckebach.

While our findings concerning the AVNFRP-VFRP are in
agreement with those of Gough and Moore (3) in that there is a
10-ms difference between these two values, the rest of our find-
ings lead us to arrive at different conclusions. In their work,
Gough and Moore (3) did not evaluate the AVNFRP-VERP
relationship, which indeed is what will determine whether or not
a supraventricular impulse will reach the ventricle. We found
this difference to be 33 ms and this seems to be large enough to
prevent supraventricular impulses from reaching the ventricle in
its vulnerable period, as evidenced by the fact that ventricular
arrhythmias induced by atrial extrastimulation were never ob-
served. Our findings regarding the Wenckebach periodicity also
support our conclusion that the neonatal AV node does render
adequate protection to the ventricle from rapid supraventricular
rates.

The apparent differences in the results from our study and
those of previous investigations may be due in part to species
specific differences and differences of age even within the same
species. Our neonatal puppies were 3-15 days old while Preston
et al. (1) studied puppies significantly older (6-12 wk old).
Furthermore, while most of the previous work had been done
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utilizing open chest preparations, we have used a less invasive
closed chest model which may account for the differences ob-
served. It is possible, for example, that the open chest preparation
results in an increased level of sympathetic activity which could
shift AV nodal function in the direction of enhanced conduction,
although previous studies (3) utilized pharmacologic autonomic
blockade. Another finding in our study was that in the neonates,
AV nodal delay was the rule during atrial extrastimulation rather
than infranodal delay as reported by others. Again, differences
in experimental design, autonomic state, and species-specific
characteristics probably account for these differences.

In summary, contrary to previous reports concerning neonatal
AV nodal function, our data suggest that in the neonatal canine,
the AV node is more functionally mature than previously de-
scribed. It renders adequate protection to the ventricles against
premature and rapid supraventricular rates by virtue of its longer
refractoriness and antegrade delay characteristics. Thus, gener-
alizations concerning normal neonatal AV nodal function in the
human must be tempered by an appreciation that information
derived from animal studies may or may not be directly appli-
cable to the human. Important species- and age-specific differ-
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ences exist in AV nodal function. The functional maturity of the
human neonatal AVN can only be definitively assessed by elec-
trophysiologic studies in the human.
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