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fower Spectrum Analysis uf art Rate Fluctuation: A
Quantitative Probe of Beat- to-Beat Cardiovascular ControI}

Abstract. Puwer spectrun: anilvsis of heart cate Huctuations provides a q.antita-
five roninvasive means of assessing the funcioring of the shori-term cardiovascualar
conirol svetems. We show that sympacectic and parasvimpathetic nervons activity
make frequency-specific contributions 1o the heart rate power spectrunt, and that
renin-angioierisin system dactiviy sirongiv rioqulates the ampiisude of the spectral
peak locaicd at 6™ hertz. Our data theretore provide evidence that the renin-
angiotensin svstem plavs a m.":./uum role in saurt-term cardiovascular controi on
thesime scale of seconds to minute"
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“ﬁ ~Jn this report’ we demonstrate that Tetstems: the sympathetic. parasvmpa-

*7 3 andom process analysis of beat-to-beat  thetic. and renin-angiotensin systems.

? =+ fluctuations in heart rate provides a sen- 1t has long been recognized that the

e o4 sitive, quantitative and noninvasive mea-  instantancous heart rate. arterial bivod

f_“; sure of the functioning of the principa! oressure. and other hemodynamic pa-
rapidly reacting cardiovascular control  rumeters fluctuate on a beat-to-beat ba-
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F'g 1. (@) Power spectrum of heart rate fluctuations in the adie!t consious doe. Fower specrrum
is dormahiced so that the mtegsal of Mepis tae vanance of the hearttvute finctuabions diveded by
the square of e mwan heart rate. (bt Power spectium od heart rate fluctuations under
parasymnathetic blech.ade and combimed purasy mpathetic and sympathetie (3-adrenerpre hoch-
ade. 10) Acca of Tow-freguency peak as a function of mean aortic blood pressure duiing
sympathetic and patasy mpathetic blockade. () Area undor low-frequency peak before and
after renm-angictensin sy «tem blochadz by converting enzvine inhibitor, in dogs T. B. and X.
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This beat-to-beat  varmbditn woes
documented by Stephen Haies «/rm e
18th century when he pertoermed ine s
qQuantitative  measuremenis of e !
blood pressure. He noted the coireiat v
between the respiratory coycle. hico d
pressure level, and interbeat anter. o
Although physicrans have long consid-
ered the beat-to-beat variation 1n heart
rate or “"the normal sinus arrhythm' as
a salutary cardiovascular sten. s airect
clinical importance was perhaps firs
demonstrated in the area of tetai moni-
toring (). The diminution of the beuat-to-
beat variation in the fetal heart rute dur-
ing labor significs fetal distress and the
need for rapid delivery. Despite the orng-
standing recogmition of beat-to-beat viri-
ation in hemodynamic paramcters and
the established clinical relevance of thes
variation. there have been remarkably
few efforts to characterize mithematica’-
ly the physiologic mechanisms that gen-
erate these fluctuations.

It is currently be'ieved that beat-to-
beat fluctuations in hemodynamic pa-
rameters reflect the dynamic response of
the cardiovascular control systems to 2
host of naturally occurring physiologicai
perturbations. For exampie. central arte-
rial and venous blood pressures cre con-
tinually perturbed as a result of the -
clic variation in intrathoracic pressure
associated with respiraticn and aiso by
fluctuations in peripheral vascular resist-
ance resulting from the autoregulation of
local blood flow in tissue beds. The
sympathetic and parasympathetic ner-
vous systems are usually considered to
be the principal systems invelved in
short-term cardiovascular contro! on the
time scale of seconds to minutes. It has
been suggested that the renin-angioten-
sin system could also piay a role in: short-
term cardiovascular control (3), althougn
direct evidence has not been avaitable to
demonstratc such a role under normial
physiologic conditions.

The rapidly reacting control sysiems
maintain cardiovascular homeostasis by
responding to beat-to-beat perturbations
that are sensed by a variety of pressore-
ceptors and chemoreceptors. The ctfer-
ent limbs of these control systenw im-
pinge both on cardiac function. itering
heart rate, atrioventricular conduciion.
and contractility. as well as impinging on
the peripheral vasculature, altening arte-
rial and venous vasomotor tone.

Sayers and other (4, 5) analyzed the
frequency content ol heart rate fluctuo-
tions by mueasuring their power speg-
um. In this poneering work. they
showed that in addition to the vell-
kiaown NMuctuations in heart rate associ-
ated with the respiratory cycle. there are
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aizvo renedie fuctu tons e heart rate
ooty at lower treanencies Accond-
ncty . ne power spedtrum isee gl T
of the hicart rate ductuations contan not
only 4 peah certered at e respiratory
frequency but aiso peohs at wo ower
frequencies. Gy prally D04 and 012 He.
The workh of Hyndman and Kitney 14)
suggests that the low-frequency peak is
related 1o cvclhie fluctuations in peripher-
al vasomotor tone associated with ther-
moregulation, whereas the mig-frequen-
cy peak 18 related to the trequency re-
sponse of the baroreceptor retlex.

To study the freguency -specitic con-
tributions of each of the principal cardio-
vascular control sy stems to the genesis
of the heart rate fluctuations. we have
measured the power spectium of these
fluctuations n traincd, conscilous, un-
ancsthetized dogs. In these experniments
the different cardiov uscular control sys-
tems were sclectinely blocked by means
of specific pharmacologic agents: ghyco-
pyriolate (0.01 mg kg, admnistered as
an intravenous bolus) to block muscarin-
ic parasvmpathctic  transmission: pro-
pranolol (0.1 mg Kg. intravenous bolus)
to block the sympathetic B-adrenergic
receptors: and nonapeptide converting
enzyme inhibitor (0.3 mg/kg. intrave-
nous bolus followed by 1intusion, 0.003
mg/kg per minute) to block the renin-
angiotensin system. Adequacy of block-
ade was demonstrated by abolition of
response to administration of, respec-
tively, acetylcholine, isoproterenol, or
angiotensin 1.

Arterial and venous indwelling cathe-
ters were implanted in the trained dogs.
During each experiment the arterial
blvod pressure, surface  electrocardio-
gram (ECG), and respiratory activity
were continuously monitored and re-
corded on a Hewlett-Packard 31968A FM
magnetic tape recorder. An clectronic
device was used to detect the R waves
from the recorded ECG and then to
automatically measure and digitize the
RR interval sequence: a NOVA comput-
e1 was used to compute the power spec-
trum ol the heart rate fluctuations trom
the RR interval sequence. Typically, §
mmtes of real-time stationary data were
used te compute the power spectrum in
the band from 0.02 to 1.0 Hz. Prior o
ecach pharmacologie  interventon, 20
minutes of basehine data were obtained.
To conhem the stationanity of the data,
and the reprodacibility of the micasure-
ments, we enanoed muluple conseou-
e M-second blecks of data under
buth controland postintersention condi-
tonn, We feand that the spectral peak
arcas vanied by no mere than 5 o 10
percent. Multuple expernnents were per-
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Fig. 2 Block diagram of short-term cardio-
vascuiar control dlustrating pnmary indepen-
dent acttons of the parasympathetic. 3-svm-
pathetic. and renin-angiotensin systems.,

formed on each of seven conscious,
trained dogs.

The heart rate power spectrum in the
dog contains the three peaks described in
the human by Sayers () (Fig. la). In any
given spectrum one or more of the three
peaks may not be evident because of low
amplitude or overlap. Furthermore, the
high-frequency peak will not be present
if the respiratory rate excecds the mean
heart rate. Figure 1b illustrates the effect
of parasympathetic blockade with glyco-
pyrrolate: the mid- and high-frequency
peaks are abolished, while the amplitude
of the low-frequency peak 1s reduced.
Combined B-sympathetic and parasym-
pathetic blockade abolishes all heart rate
fluctuations leading to a metronome-like
heartbeat (Fig. 1b). Sympathetic block-
ade alone tends to reduce the low-fre-
quency peak’s amplitude. but this effect
is not consistent because of the low tonic
level of svmpathetic activity in the rest-
ing dog. To better characterize the ef-
fects of autonomic activity on the low-
frequency peak, we varied the levels of
autonomic nervous activity reflexogeni-
cally by varying arterial blood pressure.
Arnterinl pressure was manipulited by
continuous intravenous infusion of either
the vasodilator sodium nitroprusside or
the vasoconstrictor methoxanune. Un-
der conditions of B-sy mpathetic block-
ade, increasing arterial pressure—w hich
reflexively increases  parasympathetic
activity—tncreases the arca under the
low-frequency peak. Under conditions
of parasympatheuc blockhade, decreasing
arternti pressure—ws tuch reflexavely n-
creases B-sympathetic activity —also in-
creases the area under the low -frequency
peak (g 10, Thus, increasmg the ae-
tvity ot aither the sympatheue or para-
S MPAthetivc nervous system augments

- o -

the e vnder the tow-hrcanenay po -
Therztfore. our dataindicate that the cas

sympathctic aervais svstem medalos
heawrt rate Mluctuations at fregquendies

correspuonding to the ond- and hich-ng
quency peaks of the power spectrum

whereas both the sympathetic and poar: ——

sympathctic systems may micdiate th )
low-frequency fuctuations. L

Finally. we tested the eflect of selec- -~
tive blockade of the remn-angiotensin i

system. In three of four animals so stud-
ied we observed a 2- to 4.5-fold increase
in the area under the fow -frequency peak
(Fig. 1d). In the tourth dog. which was at
autopsy found to have heartworms. this
response was not noted.

In the resting dog on 4 normal salt diet.
blockade of the renin-angiotens.n sy stem
leads to little or no change 1n mean beart
rate or mean arterial pressure. However.
the data presented here cleurly indicate
that such blockade can lead 10 a dramatic
alteration in low-frequency heart rate
fluctuations. We believe that this nonin-
vasive analysis provides the first direct
evidence that the renin-angiotensin sys-
tem plays a signiticant role s short-teim
cardiovascular regulation.

The physiologic basis for our results
can be understood in terms of a \umple
block diagram (Fig. 2). The sympathetic
and parasympathetic nervous sysicms
are directly responsible for modulating
heart rate in response to fluctuations in
sensed variables such as arterial blood
pressure. However. the response time of
the parasympathetic nervous system is
much shorter than that of the sympathet-
ic pervous system (7). Therefore, only
the parasympathetic nervous system re-
acts rapidly enough to mediate high-
frequency fluctuations in heart rate cor-
responding to the mid- and high-frequen-
cy peaks of the spectrum. Both the s, m-
pathetic and parasympathctic systcms
are capable of mediating heant rate fluc-
tuations in the range of the Jow-frequen-
cy peak. Thus the change 1n power spec-
trum of heart rate Auctuations with auto-
nomic blockade can be understood sim-
ply 1n terms of the band-pass properties
of these sy stems.

To understand the effect of cony crting
enzyme inhibitor. we note that the origin
of the low-frequency peak in the heat
rate powcer spectrum probably onginates
from fluctuation in penpheral vasomotor
tone. leading to perturbations in ceptra!
venuis and artenial pressaies (0. Our
datat sugeest the possibity that the tome
activity of the rean-angiotensin sy stem
normally damps the ampliude of these
fluctuations in penpheral vasomaotor
tone: bloching the remn-angtotensin sy 8-
tem dcads e a large maicase in the
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Gmpiitude of these tluctuations in vu\'
moor tone and thus the perturbation o
senased blood pressures. These larger
perturbations, occurnng at freguencies
of about 0.13 Hz. ure in turn transjated
into heart rate luctuations at these fre-
quencies through the medustion of the
autlonomic nervous svstem (N, Qur data
strongly suggest that the remin-angioten-
sin system indezd plavs an important
role in maintuining the short-term «tabhil-
ity of the cardiovascular syvstem under
conditions of normal salt intake. Previ-
ously. blochade of the renin-angiotensin
system could only be dinionstrated
to lead to physiologically significant
changes in the salt-deprived. or other-
wise stressed. ammal (3).

Quantitative analy sis of fluctuations in
hemodynamic parameters is a powerful
quantitative coeans af peohing mechi-
nisms of short-term cardiovascular con-
trol. We believe that this approach could
provide a versatile, aunins asive climicat
method for assessing the integrity of the
cardiovascular control system in a van-
ety of disease stutes.
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Reaction of Monosaccharides with Proteins:
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Possible Evolutionary Significance

Abstract. Measurements were made of the rdate of condensa W various
monosaccharides with amino groups of hemoglobin to form Schiff base linkages. The
sl ol el daar W -J.f""_l'uul,l'ul' il Al a2 ke B eliedy Oroeninte dn e i
(carbonyl) structure rather than in the ring themiacetal or hemiketal) structure.
Among the 15 monosaccharides tested, aldoses showed higher reactivities than
Ketoses. Glucose was the Tegst reactive uf the aldidicxuses. The emeidcace ol
glicose as the primarv metabolic fucl may be due in part 1o the high stability ot ity
ring structure which limirs pnren?ia\lly deleterious nonenzymatic glvcosylonon of

proteins. .

\,
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As a rule chemical reactions in living tons. glucose in solution exists as
tissues are under strict enzymatic con-  stabje pyranose ring structure in equlib-
trol and conform to a tightly regulated riuth\h the open chain aldehyde form:

N

melaboli-c program. One of the proc.esse’s o Glucose
implicit in biomolecular evolution is the .

N ¥ ) HC=0 \, cn,on
minimizing of unwanted side reactions. o . S oL
Nevertheless, uncontrolled and poten-  ,5én Kaxsx 10 l/' N 7
) N X 4 : —=——= S on ¥
tially deleterious reactions occur. even HCOH -_— \ é N,
under physiologic conditions. Examples "¢°" & on
include deamidation. transamjidination, CHa0H
sulthydryt oxidation. and lipig peroxida-  open chain " Ring

structure stroclure

tion. Recently. attention has focused on
the nonenzymatic condensation of glu- The most abundant minor hemogiobin
cose with proteins 1o form stable cova- component in human red cells, HbA.. is
lent adducts. Under physiologic condi- formed by the reaction of the aldehyde

Galacioss

0.18

Buger {moles per mole of ofidimer)

incubation (hours)

Fig. 1. Mcasurement of &, the rate of condensiation of monosacchande with hemoglobir, by
two methds: (i) incubation with unlabeled sugar and reduction of aldimine hinkage with 'it-
labeled cyanoborohydide (2 (i) incubation with “C-labeled supar and reduction with
unlabeled cyanoborohydride (@2 Ueft) 12 md pogalactose: &, = 1.9 = 10 *mV ' per hour,
{right) 32 mM peglucose: &, = 0.6 ~ 10 *mM ' perhour. The intial rapid rate of incorposation
of p-"*Clelucose can be explained by the small amount of rapidly reacting impunty remaimng
in the preparaton (11, 15).




