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ABS'I'RACT. W e  studied the time course and change in 
heart rate during respiratory pauses in puppies (3-4 wk)  
and young adult dogs. W e  measured ventilation and venti- 
latory pattern using barometric plethysmography and re- 
corded the respiratory rate ( R R )  interval using a pre- 
processor with an accuracy o f  0.2 ms. During tidal breath- 
ing, the fluctuations in RR interval were an order o f  mag- 
nitude smaller in the puppy than in the dog. During respi- 
ratory pauses in dogs, the RR interval increased sharply, 
stabilized around the level o f  expiration o f  previous 
breaths, and dropped immediately with the subsequent 
inspiratory effort.  The  time course o f  the change in heart 
rate was different in the puppy: there was a gradual in- 
crease in the R R  interval during the entire course o f  the 
pause and the maximum R R  interval reached was substan- 
tially higher than during expiration o f  previous breaths. 
Our results suggest that I )  the change in heart rate at the 
outset o f  respiratory pauses is too fast to be related to 
blood gas changes in both puppies and dogs and 2 )  the 
mechanisms responsible for the vagal gating o f  heart rate 
during tidal breathing and during respiratory pauses are 
not well developed in early life in the puppy. (Pediatr Res 
22: 306-31 1, 1987) 

Abbreviations 

HRV,  heart rate variability 
RR, respiratory rate 
ANS ,  autonomic nervous system 
EEG, electroencephalogram 
REM,  rapid eye movement 
V t ,  tidal volume 
Ti ,  inspiratory time 
Te ,  expiratory time 
7 .  I tot, total respiratory 
max(RR), maximum R R  interval within a respiratory cycle 
min(RR), minimum R R  interval within a respiratory cycle 
range(RR), difference between min(RR) and max(RR) 
NTS,  nucleus tractus solitarius 
NA ,  nucleus ambiguus 
V M N ,  vagal motoneurons 

number of years (3). We have demonstrated previously that 
HRV is abnormal in certain groups of infants who are at risk of 
sudden death (4, 5) and more recently, it as been shown that 
HRV can be used to estimate cardiac age in adult humans (ti. 
7). 

We (8) and others (9-12) have previously examined the rela- 
tion between breathing and heart rate and found that HRV is 
closely tied to breathing in mature subjects. However, HRV is 
not determined only by breathing, especially in early life (8. 12). 
For instance, during apnea or lack of breathing, heart rate varies, 
albeit much less than during breathing. These heart rate changes 
during respiratory pauses have not been studied in detail. For 
example, we d o  not know the time course of the change in RR 
interval during pauses in early life and how these changes com- 
pare with those in the mature subject. In order to understand 
further the mechanisms that control heart rate and HRV, we 
examined herein the time course and the change in heart rate 
during respiratory pauses and compared them to those during 
breathing. Since the ANS is not mature early in life (8, 12-14) 
and since the ANS plays a major role in HRV (10). we studied 
the heart rate response to a respiratory pause in early life (pup- 
pies) and in an adult mature animal (dog). 

METHODS 

Animal poplllution. Seven puppies from two litters (four pup- 
pies from one litter and three from another) and five young adult 
dogs (2-6 yr of age) were used. Postnatally, all puppies were 
nursed by the bitch through the experimental age but supple- 
mental nutrition was sometimes required after the age of 1 wk 
to keep the weight gain of puppies at >20 g/day. Adult dogs 
weighed between 8- 12 kg. 

Ph.~siolo~icul  c~xperirnents. Experiments on puppies were per- 
formed at  3-4 wk of age. This age was chosen because matura- 
tional changes of the nervous system in the puppy occur for the 
most part after 2 wk of age ( 1  5). Also, sleep states could not be 
determined from neurophysiologic criteria before 2 wk of age 
(8). Experiments were started within 1 h after feeding. A more 
detailed description of these experiments on puppies is given in 
a ~ r e v i o u s  uublication (8). In brief. ex~er iments  were ~ e r f o r m e d  
at'a room temperature of 26-30" C. The lights were dimmed in 
the room and, for consistency, reflected light from the experi- 
mental chamber was kept below 5 ft-cd in all experiments. 

The importance of the study of heart rate and HRV stems Auditory noise was also measured and kept a t  less than 40 dB. 
from the fact that abnormal HRV has been associated with Experiments were performed on healthy young adult dogs be- 
certain clinical conditions (1-3). For instance, fetal heart rate has tween 1 100 and 1600 h. 
been used clinically to diagnose fetal distress during labor for a N~urophy.siologicil! meusurement.s. Sleep staging in puppies 

and state consciousness in adult dogs were determined from 
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polygraphic records with the aid of biiolar EEG and behavioral 
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ation to  G.G.H. region before each study using a modified Basmajian technique 
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RESPIRATORY WAVEFORM -+ animals. Standard linear regression was performed in puppies 
because of a continual linear trend within the pause (see "Re- 
sults"), while two-phase regression was performed in dogs where 
there was an initial sharp rise in the RR interval followed by a 
subsequent flat or decreasing trend within the pause. Two-phase 

-10 8BC- regression (1 7) uses the method of least squares to  determine the 

ELECTROCARDIOGRAU "change-point" x and to fit the lines b ,  (x - xo) for x < xo and 
b2 (X - x0) for x > x". We also used the t test and the Kolmogorov- 
Smirnov two-sample test ( 1  8) to study the change in maximum 
RR interval (see "Results") from baseline during a respiratory 
pause in puppies and dogs and determine whether this change in 
puppies is significantly different from that in dogs. 

Fig. 2. Respiratory waveform (top), electrocardiogram (middle) and 
RR interval (bottom) in one puppy during REM sleep. Note that the 
fluctuations in RR interval during breathing are small whcn compared 
to those in the dog (Fig. I ) .  The RR interval increases continuously 
during the respiratory pause. 

DOGS 

I L  

+ &'#A<E 

* REU 

D D C E P  

. - 
% INCREASE OF rnax(RR1 

I I 

RESULTS 

Table 1 shows the duration of all the respiratory pauses studied 
in puppies and dogs. Note that these pauses occurred in both 
REM and quite sleep in the puppy and in wakefulness or sleep 
(REM or quiet) in the adult dog. In this section, we categorize 
each respiratory pause by the state it occurs in. Our assumption 
was that a pause occurring, say, in REM sleep may show a 
different heart response from that occurring in quiet sleep in 
dogs and puppies. However, our analysis shows that heart rate 
response during pauses depends on maturation, i.e. on whether 
it occurs in dogs or puppies more than on any other factor 
including state of consciousness. Actually, changes in R R  during 
pauses in wakefulness are often superimposable on those from 
REM or quite sleep. Figures 1 to 5 still show the relation between 
pauses and state of consciousness. 

Figure I gives the plots of the breathing waveform, the ECG, 
and the magnitude of the R R  interval in an adult dog before, 
during, and after a respiratory pause in quiet sleep. Prior to the 
respiratory pause, the R R  interval exhibits cyclical variations 

10 6 2 2 3 8 5 4 7 0  

X INCREASE OF rnax(RR) 

Fig. 3. Leji panel, frequency distribution of the percent increase of max(RR) in puppies and dogs in wakefulness and sleep. Although the 
distribution overlaps, the median percent increase in max(RR) is higher in puppies than in dogs. Right panel, cumulative relative frequency of the 
percent increase of max(RR). About half of the percent increase in dogs are below 8% whereas a much smaller proportion of values are below this 
level in puppies. 
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o f indi vid ua l RR interva ls d uring thl' l'lllIlS,' n r : 1 r,'spira ln n
pa use SI1O\\S that all shl l1L'S :11\ ' posi ti \ l' and ran gl' tron : ll .' tll
11 .5 ms per interval (mean Sillpl' ,- 5.1> illS per I{R in terv al ).

Figure I. \\·hil'i1 sho\\ s till' RR in tLTv:t1 in time d ur ing a
rcspinuorv pause. SUggl'StS tha t lhl' l\ ' is .m abru pt ch:1I1gl' i ll till'
mag n itude Dr th l' RR in te rva l sho rt lv an LT th ,: P:IUSl' sla rts . W ,'
therefore app lil'd :1 two-phasc rcgrexsion (Sl',' ...\ letIlllds" ) :lI1 d
Figure 5 sho ws the rcxult of such an anah sis Il )[' a ll P:1US,'S In
dogs. lJ ni ik,: pup pi,'s. dogs ha\c' a hiphas ic pall ,'rn: tllL' \ Sllll\\ : 1

sha rp in itia l incrca:«: in their RR int erva l hu t the'
RR i nterva l llel'rCaSCs or changl's l iu lc. T Ill' slopl's llf IhL: lirsl
phase range between I and hi9 ms/ R R i nterva l in :111 dngs
(mea n slo pe = ., 2 .' m s/ R R in tc rvn ]: \\ hl'rcas the sll lII' the
seco nd phase r:lI1gl' fro m - 2') tll IX ms/ R R i nterva l (Illl':111 slllpc
= -(1 ..' Ills/ R R in terva l ). lhc ch a nge- poi n t ocur rs .u abo ut llnl'
to lour R R in u-rval -, (m ean = two R R interv als) :lih 'r till' sl:lrt
or the resplratnry IXllISl'.

wi th hrcathing; iu cach hrca th. thc mi nimu m RR uucrvul occurs
du ring inspira tio n a nd tlu: ma xim um R R interva l d uring cxpi
ra tion. No te th at thc pau se Ol'curs im mediate ly after a sigh.
Du ring the inspirator» phasr or the sigh. the RR interva l lk
c rcasc« and rl'achl's a mi nimum tha t is IOWLT than till' m ini ma
o fprevi ous hrcnt hx. Du ring till' rc xp i ra ro rv pa usc. thl' RR in tcrv a l
increases sha rp lvfl uc tu.u c', mu ch less th an d uring brea th ing a nd
reaches a level thai is sim ilar to the ma xima Dr previous bre ath s,
It the n sta hili/ es around this k-vcl IL l!' thc rl'st Dr the rcs plraton
pa use . The in iti.ui on o r the su bseq ue n t inspiratory e ffo rt co in'
c idcs with a n immed iat e d ro p in RR inte rval .

Figure shows the xamc signa ls :IS in Figure I fo r a puppy at
.\ wk or age in q uiet sleep. \jo te tha t in the puppy: I ) the
fluct uat io ns in RR i nt erv al occur rim; pri o r to the respirat or y
pa use arc mu ch sm aller tha n tho se in thl' dog. the re is a
gradua l i ncrc a:«: In th e RR i nt erval du ring the en tire cour:«: or
the pa use. and .1 ) th e max imum RR inter va l reach ed du ring the
pau se is m uch higher tha n till' RR ma xim a o r previou s a nd
subseq ue nt breat hs.

As shown in both h gurl's t and till' R R int erval undergocs
cyd ica l varia tiun-, with rcspcct to rcspira to n C\c les a nd is mu ch
more clca rlv seen in the dog tha n in the PUPPy. Max(RR ) Ol'l' urs
d ur ing the cx p ira to r . phase o r pa use or the Ul· le. T hc m ea n o!'
max(RR ) d uring Ii vc conslT uti\c hascline brc.n hs. lienoted h\
ma x()(RR) was co mputed and cum parcd to the max t k R) d ur ing
respirat o ry pa uscs dl'no tl'l l hy max,(RR l. lo r do gs and p uppic«.
(Vla .\,( R I{ ) W:IS high l'r than ma .\,,(RR ) in each pup pv. a nd th e
majoru v or max, (R R ) \\ :IS also higher than ma\,,(R R)
in ad ult do gs. Ih LTc ILll'L' ma.\ ,lRR J IS signilica nth higher than
ma \ ,,(RR) in dogs ( / 1 < O.O! ) a nd in p upp ies (/1 < O.l)( )O I ) h\ thc
sign test. Th e pC ln 'n l inncasl' in m:lx(RR )(rm m IXlsl' linl') d urin g
respiratory p:luses is repor tl'd in hgurc .1 ror hoth pUpplCS and
do gs. C um ulativ c d istri hutiDn runctions show tha t till' pl'l cent
increase in ma \ (R R ) lcnds to he co nsidl' rahly higher in pu pp il's
tha n in dogs. and the Kolmogo J'(l\-Sm irnm t\q l-Sample test
shows tha t th is di flLTl'n lT he!\VL'en puppies a nd dogs is stat istically
signi licanl ( / 1 < 0.0 I J.

h gurc shDws that min( R R ) d ill<: rs litt le rro m ma \ (R R ) in
the puppy du rin g haselinc . This contras ts rcm arkahly \\ ith the
hig d iil<:rence hctwecn mi n(R R ) and max!RR ) In thl' adu lt dog
as shown in ligu rl' I . Th c mea n or ra ngc(R R) du ring li \ e
co nsccutive hasel ine hrca ths. lk no tcd hy ra ngco(RR) was !L1U 1H1
to he lown tha n ran gc ,(R R ) [=ran ge(RR ) du rin g respi rat llry
pau se ] ILlr all resp irat o ry pauses in all do gs and puppics. T hc
perce nt inLTeasc 111 ran gd R R ) (rro Ill hasel ine ) d ur ing resp irato ry
pa uscs is sum ma rizcd in Tah le usi ng thc 5-nu Illhc r sum mary
( IIJ). T his sho ws th:lt eac h or the SUIllIll:lry valucs is an o rdl'r llr
Illagnitudc la rgl'r in thc pupp y than in thc dog. Th us the perl·l'nl
inl'rcasc in ra nge(RR ) is signi ficantlv higher in pu ppil's tha n in
dogs (/ i < O.1l I. I and Ko lmo goro\ -SIllirnm· test s). :\ s shown in
h gurc ? ILl!' on c puppy. the RR int cn ·a l grad ua lly inc reases
d uringa respira tory pau sc. T hc pa ttcrn o r inc rcasc in RR int cn ·al
ILl r o ther respi rat o ry TX1USl'S an d ILl!' all pu ppies is sUIllmari/l'L1in
h gu rc 4 which shows thc mean s of RR in tcr vals o f lh rl'c l'qua l
per iods whiel1 rcprescn t till' in itia l. midd le. and latt er thirds o r
each respira lor v IXIUSl' in pupp ies. T hc ind ividual lincs jDining
individu al f1) L';\nS 0 1' R R in1l'rvals lle-scribL' a n ,n'TL'asing Irl'n d in
2.1 of rl'spiratory pa uscs. TIll' incrcasing trl'nd is thl'rcfo re
sta tistica lly significa nt {fl < 0.0 I. sign lL'st). Rcgrcssio n a na lysis

Tahle 2. l 'e!'Cel l! i tl ClH IS1' i ll rallge (lim ll hmdillt') d urillg u '.\/ li raI Il/T / 'lI lI .\ I' .\ I II /Ili/ I/, it's lIlid dogs: \1I111IJl lIIT\ll1li\!I·,·.\

) - Ilu ln hc l" s unl nl a ry {ll l" (0; increase)

Puppies
Dogs

Sl11 alil'st
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Fig. 5. Two-phase regression line of the RR intervals for each respiratory pause in adult dogs. The biphasic pattern shown a sharp increase 

initially followed by a decreasing or a steady RR interval. The mean initial slope is 323 ms/RR interval and the mean slope of the second phase 
-6.3 ms/RR interval. 

knowledge, this is the first report that details the changes in heart 
rate during respiratory pauses in a young, relatively immature 
animal such as the puppy and in mature dogs. These studies 
were performed in the dog and puppy for at least two reasons. 
First. the dog is fairly well studied from the point of view of 
brain development (1 5 )  and this is helpful for the interpretation 
of results. Second, since the puppy is immature at birth, devel- 
opmental trends in this species would be more readily apparent 
than in other more mature animals. 

There are two main findings herein. The first is that during 
respiratory pauses the R R  interval increases and remains high in 
both puppies and dogs. However, the pattern of increase in the 
puppy is very different from that in the dog. The second is that 
the RR interval starts to increase within a very short time after 
the onset of the respiratory pause in both the dog and puppy. 

Figures 1 and 2 as well as our analysis on dogs and puppies 
indicate that whereas the increase in RR interval during respi- 
ratory pauses is gradual in puppies. it is very abrupt and reaches 
maximum or near maximum after the second R R  interval in the 
adult dog. Although the pauses in the puppies are shorter than 
those in the dog (Table I), the maximum RR interval that is 
reached in the puppy during respiratory pauses occurs at a much 
later time than in the dog. The reason for this difference is not 
clear. We believe that the understanding of the changes in heart 
rate during breathing and respiratory pauses requires understand- 
ing of some of the peripheral and central mechanisms that 
control vagal tone to the heart. 

In the mature adult subject. wc known that there are several 
components of the respiratory and cardiovascular control sys- 
tems that are essential for the expression of heart rate changes 
during breathing and respiratory pauses. For example. it has been 
shown that there are at least three central nuclei that are impor- 
tant for the decrease in heart rate during apnea or for its accel- 
eration during tidal inspiration. These are the NTS, NA, and the 
VMN (20-23). Information via the carotid sinus, baroreceptor, 
vagal. and possibly intercostal afferents have also been considered 
critical components in this system (20. 2 1, 24, 25). These nuclei 
and pathways form a "gating" network (21) which controls the 
passage of impulses and thereby modulates heart rate and heart 
variability during breathing and apnea. These previous studies 
have suggested that a basal vagal (or slow) heart rate exists and 
that this basal level is interrupted by phasic accelerations during 
tidal breathing (2 1). Hence, in the mature animal, as in our dogs. 
the basal level is apparent when breathing is absent. In this 
situation and using the gating model, the absence of lung inflation 
is tantamount to dysfacilitation of the NTS which. in turn. ceases 
to inhibit the NA and VMN. Therefore the gate is open and 
complete vagal discharge is let pass. The opposite occurs with 
lung inflation. 

This scheme is based on the assumption that the neuronal 
circuitry (structure and function) that is responsible for the 
changes in heart rate is present and well developed. This as- 
sumption may not be valid for the puppy. Our previous data (8) 
and those of others (12. 13) support the idea that the parasym- 
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pathetic sy ste m is n ot we ll d evel o ped in ea rly life post na ta lly and
the predomi na nce olt hc vaga l sys te m lo r hea rt ra te co n t ro l ta kes
severa l we e ks to mat u re in vo u ng m a m m a ls (11). Ad d itio na lly .
si n ce th ere is no a priori re aso n to assume that th e developmen t
o f peri p he ral a flc rcn ts, ce n t ra l c irc u it ry. a nd eff erent limb of the
co n t ro l syst e m pro ceeds a t th e sa m e ra te . it is likel y that so me o r
th e cornponcnu s o r thi s co n t ro l sys te m ma tu re a t a fas ter ra te
than other s. On th e ba sis of th e preced ing a na lysis and publi sh ed
d a ta. we spec u la te tha t thi s d ilTcre n t ia l ma tu ra t io n ca n create
diflc rcnces in ti m e co ns ta n ts o r responses to natural st im u li.
l lc ncc. it is n o t su rp r ising tha t a lt hough the RR interval increases
in hot h p upp ies and dogs. the t im e co u rse o f thi s increase is
differen t: the RR in terva l rea c hes m a xim um withi n Iwo RR
int erval s w h ile th e RR inte rva l in the p u p p y ha s a mu c h m ore
p ro gr ess ive co u rse a s de ta iled in our resul ts.

Since the res p irat ory pauses in the adul t dog arc rather len gth y
(> 10 s) a nd since th e yo u ng have a hi gh 0 .• co nsumpt io n when
re lated to hod v we ight a nd 0 .• stores. o ne m igh t ask w hethe r the
m ech a n ism th at triggered the inc rea se in RR in te rv a l. (o r th e
drop in hea rt ra te ) tha t is associ a ted wit h res p iratory pau ses is
re lated to 0 .. dcsatura tion in both pu p py a nd d og. O ur c urren t
d a ta a nd a na lysi s sugges t th at thi s m echa ni sm is no t re la ted to
0 .. dcsai urat io n. Ou r regr ess io n a na lys is sho ws th at in th e d ogs.
ma xim u m RR In ter va l is rea ch ed w ith in a n av e rage of two RR
interval s. w ith some ca ses reaching m a ximum w ithin one RR
int erval a nd cases with in four RR int e rva ls. Ass u mi ng th ai .
o n a verage. a n RR in terval is a bo u t 600 - 700 m s. th is ana lysis
ind ica tes tha t w ithin s oft he sta rt ofthe rcspira iorv pa uses
a nd in a ll pa uses in th e d og. the R R interva l increa ses 10 about
its h ighest va lue fo r th e rest o r th e respira tory pa use d u ra t io n .
A ltho ugh th c tim e co u rsc is n o t a s hri sk in puppies. th e sta rt o f
the increa se in R R in terva l takes place a lso w ith in ICw sl'Co nd s
a lt er th e s ta r t of th e respiratory pau se. Therc!e) re . we do no t
helie ve th at 0 , d esat urat ion t rigge red th e increase in RR
in th e d og o r p u p py.

It is possi hle tha t h yp o xia ma y d e velop d uri ng the COurSl' or
the resp ira torv pa use. espec ia lly dur in g thL' m orL' kngth\' o nl'S
a nd ma y have a n l' ll'ec t o n the c ha nge in heart ra te The
m agn itud e o r 0 .. a nd its e flec ts w ill c lea rly d e pl' nd
o n a nu m her or !;Iet ors inL'i uding the sil e o f slOres. 0 .
co nsu m p t io n . statc of co nsc io us n ess. an d th e len gth or the rL'sp i
ratorv pa use . I'rl'\ 'io us s tudi es fro m o u r lahora tu ry in th l' d og
(27) ha ve sho w n that PaO, d ocs no t d ro p bel o w 50 - 5 5 m m Ilg
in ad u lt dogs a lier pa uses of 15 to s d ura tion . A lso . s illl' e m o st
pa uscs d o n u t genLTally ex ceed l O s in the p u p p y. wc do IH ll

ex pect m ajor in l' aO,. /\ Itho ugh 0 .. desat u ration L'a n st a rt
a lier a kw seeu nds of a p nea in the vo u ng m am m a l. d ccreases in
d esat ura tio n rea ch in g k ve ls uf abo u t ()O- 70 ';; uen lr o nl\' a Ill'!'
a ho u t ., 0 s u f a p nea Ther c l( lre. here in we dou h t th at !1\pu ,\ ia
p lay s an impu rt a n t ro le in m od ul atin g hea rt rate d u rin g re sp ira
to ry pauses s ince th e ca ro t id hod ies. the majo r lw p o \ ia sensors.
a rc m in im al ly st im u la ted 1)\ PaO ., lc \'Cls tha t a rc h igher th a n
50 mm II g.

In s umm:lry , \\ e ha\'c descrih ed and qua nt itated the changes
in heart rat e d u rin g respira tory pa uses in ho th pu p p iL's a nd d ogs.
A ltho ugh the RR in terva l incrc;lses (h radyca rd ia) duri ng IXI USL'S
ill hUlh pup p il's and dugs. th l' p;lt lerTl u f c ha nge ill th e RR

interva l in th e JlllpJl Y IS di ff erent fro m th a t in the dog. T I1l'sC
cha nges a rc no t co nsidered to hc rela ted to hypox i«.
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