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“Smart” baroreception along the aortic arch, with reference to essential hypertension
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Beat-to-beat regulation of heart rate is dependent upon sensing of local stretching or local “disortion” by
aortic baroreceptors. Distortions of the aortic wall are due mainly to left ventricular output and to reflected
waves arising from the arterial tree. Distortions are generally believed to be useful in cardiac control since
stretch receptors or aortic baroreceptors embedded in the adventitia of the aortic wall, transduce the distortions
to cardiovascular neural reflex pathways responsible for beat-to-beat regulation of heart rate. Aortic neu-
roanatomy studies have also found a continuous strip of mechanosensory neurites spread along the aortic inner
arch. Although their purpose is now unknown, such a combined sensing capacity would allow measurement of
the space and time dependence of inner arch wall distortions due, among other things, to traveling waves
associated with pulsatile flow in an elastic tube. We call this sensing capability—“smart baroreception.” In this
paper we use an arterial tree model to show that the cumulative effects of wave reflections, from mday sites
downstreamhave a surprisingly pronounced effect on firessure distributiorn the root segment of the tree.

By this mechanism global hemodynamics can be focused by wave reflections back to the aortic arch, where
they can rapidly impact cardiac control via smart baroreception. Such sensing is likely important to maintain
efficient heart function. However, alterations in the arterial tree due to aging and other natural processes can
lead in such a system to altered cardiac control and essential hypertension.
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[. INTRODUCTION and later demonstrate, that the pressure distribution along the
Spinal cord and brain stem reflexes continuously modu@0rtic arch is determined not only by local conditions but,
late cardiodynamics. Fast-responding reflexes involvindécause of wave reflections, by global conditions far down-
medullary neurons respond to inputs from carotid arterystream. In this framework, global arterial conditions play a
baroreceptors and account for beat-to-beat control of heaffle in cardiac control and this provides a physiological mo-
rate and its variabilityf{1-5]. These medullary neurons are tivation for smart baroreception.
known to undergo threshold resettingresponseo change

in sensory input during the evolution of essential hyperten- Il ARRAY ANATOMY

sion [2,4,6. It has also been proposed that blunting of

baroreflex control may also becauseof cardiac pathology The relevance of smart baroreception to cardiovascular
[7 control stems from the strategic location of mechanosensory

To date, it has been assumed that aortic baroreceptiomeurites and their transduction capabilities. The mechanosen-
functions in the same way as baroreception in the carotidory neurites associated with aortic mechano-transducing af-
artery where “point” or “local” measurement of wall stretch ferent neurons display a unique anatomy with sensory neu-
is transduced by physically localized sensory neurites. Yetiites distributed primarily along the inner curvature of the
with respect to aortic baroreception, casoobserves a field aortic arch. These neurites are located in the adventitia of the
of sensory neurites arranged astep along the inner aortic aorta(i.e., embedded in the fibrous tissue in its outer yvall
arch. Such an arrangement is clearly capable of producingrimarily, but not exclusively, along itgwner curvature. In
shapshots of the evolving spatjalessure distributioralong  this location a “strip” of pressure sensors is distributed in an
the inner aortic arch to produce what we term “smart baroreuninterrupted fashion as the outer curvature of the aorta is
ception.” “Smart” because global information derived from “interrupted,” so to speak, by the origins of the major arteries
wave reflections from downstream in the arterial tree is fo-that supply blood to the head, neck and upper limbs.
cused back up the arterial tree to the level of the aorta. How- The afferent, innervated aorta is estimated be about
ever, the prevailing notion is that aortic flows are largely150 mm in length[11]. Because this array of mechanosen-
dominated by local conditions associated with left ventriclesory neurites covers approximately 2/5 of the aorta in this
output with a small contribution from wave reflections from region(the outer curvature being relatively unrepresentitd
the first aortic bifurcation. Under these assumptions, localis estimated that the array transduces mechanical events aris-
ized wall distortion, as measured by arterial baroreceptors img in approximately 500 square mm of the thoracic aorta.
used to infer bulk flow in an essentially rigid tube. We pro- The area of the aortic mechanosensory field associated with
pose that the accumulated influence of travelling wave reeach mechanosensory neuron has been estimated, by direct
flections emanating fronfar downstreamcan significantly — probing, to be of the order of one square millimeter. Each of
alter blood flow within the aorta. In this paper we postulate,these sensory fields is approximately elliptical in form, with
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their major axes lying in the axial rather than the circumfer- It is important to emphasize at the outset that the purpose
ential aortic direction. Each sensory field is associated with af this model is not to replicate the physiological system, but
single axon leading to one somdteeuron. It has been also rather to replicate thenechanism$y which peripheral dy-
found that the majority of their somata are located adjacenhamics produce changes in the pressure distribution in the
to the aorta, in the middle cervical and stellate ganfid] intrathoracic aorta. An accurate reproduction of wave propa-
versus dorsal root or nodose gandlid]. Thus, the axons gation along the aorta and its branches would require, among
connecting these mechanosensory neurites with their assoather things, more accurate representation of the fluid and of
ated somata are sha@ebout 1-5 cm Furthermore, they are vessel geometry and elasticity. Indeed, the number of un-
fast conducting axons, falling into the A-delta class of fibersknowns is such that it is rarely possible to accurately repro-
Short A-delta axonal lengths between sensory neurites andlice the flow. However, this is unnecessary for demonstrat-
somata makes possible the rapid transduction of regional aoing the main point of this paper, namely that hemodynamic
tic mechanics and the initiation of short-latency aortic-events in the periphery can produce changes in the pressure
cardiac reflexes. distribution far upstream, along a segment of the aortic arch.
The assumption of an ideal fluid used in this model equation
(3) is a fairly common one when dealing with wave propa-
gation along a tree structure. Also, it has been shown con-
Sensing of aortic wall deformation is nearly homogeneouslusively that including viscosity of the fluid does not change
among these afferent neurons in that each mechanosensdfg main pattern of propagation and would not change the
neuron transduces wall deformation in a very similar fashiormain conclusions of this workl4,15. The analysis of wave
[11]. This is consistent with the relative homogeneity of thepropagation along a highly branched tree structure is, by ne-
anatomy of the thoracic aorfd2]. The functional signifi- ~cessity, a one-dimensional problem.
cance of this anatomy may be explained in terms(iofthe The key mechanism at play here is wave reflections.
transduction capability of individual aortic mechanosensoryThese arise because of the pulsatile nature of the flow and
neurons andii) the nature of multiple, strip activities gener- because of the many obstacl@s the form of vascular junc-
ated by this relatively uniform population of afferent neu- tions) which the propagating wave meets on its way from the
rons. root segment of the tree to the periphery. As the pressure
There is a clear relationship between the activity generwave meets these obstacles, parts of the wave are reflected
ated by individual aortic mechano-transducing sensory neulack (upstream towards the root segment of the trgs].
rons and aortic wall deformatiofiL3]. Because the elastic This occurs at each vascular junction. Because of the large
properties of that aortic segment are relatively unifdf], number of such junctions, their cumulative effect can be de-
its mechanosensory neurites are distorted to the same degr@smined only by calculating the effect of each junction and
for a given pressurgl3]. Thus, each sensory neurite field is then summing up to determine the total effect. Here again it
capable of transducing forward pressure wagEsak aortic IS not our intention(indeed it is hardly possibjeo replicate
pressure and the subsequent dicrotic npashwell as later the number of junctions in the physiological system. It is in
occurring reflected pressure waves with precigibli. The  fact not necessary to do that in order to demonstrate the
physical separation of the sensory fields associated with eagioposed transduction mechanisms.
mechanosensory afferent neuron, which is of the order of One characteristic of the model which must be physi-
millimeters, allows sufficiently accurate transduction of pres-ologically sound is the approximate dimensions of the ves-
sure amplitudedistribution sels utilized in the model. This is because wave reflections
The adjacency of mechanosensory fields to their somatéepend critically on the ratio of wave length to vessel length,
and the fact that these anatomically distinct features of amvhile the wave speed, and hence the wave length, depends
afferent neuron are connected by a relatively short, rapidiyen the diameters and lengths of the vessels as well as their
conducting(A-delta) axon ensures that pressure wave transélasticity. For that reason, we use a highly simplified vascu-
duction occurs at acceptable levels to second order neuroh@r tree model that consists of 9 levels5] of repeated bi-
in adjacent intra-thoracic ganglia. The second order computurcations in which the dimensions of the root segment are of
tation based on this information occurs among populations ofhe same order of magnitude as those of the aorta. The ratio
middle cervical and stellate ganglion local circuit neurons.of diameters of the two branches at each bifurcation is 1/2,
From there it is fed to intrathoracic sympathetic efferent neuas shown schematically in Fig. 1. The progression from one
rons involved in regulating regional cardiac dynamics duringlevel of the tree to the next follows simple optimality rules
each cardiac cycle. which have been found to prevail within the vascular tree
[17]. A similar model was used successfully to demonstrate
the well known “peaking effect,” which results from wave
reflections in the human aorta and its brancHes.

To demonstrate how events in the periphery of the aorta
and major arteries affect the pressure distribution along the
aortic arch and, as a consequence, can be transduced by a
strip of mechanosensory neurons, we consider a vascular tree The analysis begins with the input of a single harmonic
model with vessel dimensions of the same order as thosgressure wave into the root segment of the tree and from
identified in the human aorta and its major branches. there the wave propagates towards the periphery. The wave
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Po = Poce’™", (1)

wherepy is the amplitude of the oscillatory input pressure,
w is the frequency of oscillatiort,is time, andi=+-1.

Following a standard solution of the wave equation for
the pressure, the pressure distribution in each vessel segment
is then given by{15,14

AM p(X,t) - po{ei w(t=x/c) + Réw[t+(x—2L)/c]}, (2)

% where x is axial distance along that vessel segment, mea-

» sured from the entrance and being equdl @&t exit,R is the
reflection coefficient at the downstream end of the segment,

” andc is the wave speed within the segment. In a tree struc-
ture this formula applies to every vessel segment within the
tree but the input pressum and the reflection coefficiel®
must be calculated individually for each vessel segment. The
reflection coefficients are calculated by starting at the periph-
ery and using prescribed mechanical properties of vessel seg-
ments to determine characteristic and effective impedances
on which the reflection coefficients depend. The input pres-
sures are then calculated by starting at the root segment of
the tree and using E@2) to determine the pressure distribu-
tion in that segment and hence the input pressure for the next
vessel segment, and then the process is repeated for each
vessel segment, moving sequentially towards the periphery
[16].
Assuming the wall thickness-to-diameter ratio of the ves-
sels is small, the speed is determined by the Moen-Korteweg
FIG. 1. A vascular tree model consisting of 9 levels of repeatedormula [15,16

bifurcations in which the ratio of diameters of the two branches at

each bifurcation is 1/2, and the progression from one level of the c= E_h, (3)

tree to the next follows simple optimality rules which have been pd

found to prevail within the vascular tresee text wherep is fluid density, taken as 1.0 g/énE is the modu-

lus of elasticity,h is the wall thickness and the diameter of

. . the vessel segment. The use of the Moen-Korteweg formula
speed at each vessel segment is determined by the Properies yhe wave speed is a fairly reasonable practice in one

of that S.eg”_‘e”t’ and _the reflection coeffi_cient at ea_ch VaSCliimensional wave propagation. It has been shown that the
lar junction is determined by the properties of that Junction.¢omia can be extended to include effects of viscosity of the
Thus the properties of the wave are calculated as ifyig and viscoelasticity of the vessel wall, but the results do
progresses, the most important property being the wave amyot invalidate the formul{l4,15. Indeed, they actually sup-
plitude because the values of the amplitude at differenbort its wide use except, as was stated above, when one is
points along each vessel segment and along the tree asjfierested in accurately reproducing the actual pressure dis-
whole determine what we shall refer to as the “pressure distribution along the arch. Such reproduction is not the focus
tribution.” Such a pressure distribution initially determined here since our objective is only to show that events far down-
by the forward moving wave is modified considerably by thestream can significantly change the pressure distribution.
multiplicity of reflected waves moving back from vascular  In this analysis, the oscillatory part of the pressure and
junctions. It is this effect that ultimately determines upstreanflow is being considered in isolation from the steady part of
events in the root segment of the tree and is sensed by thfie flow. The reason for this is that only the oscillatory part
strip of mechanosensory neurites located there. of the flow is affected by wave reflections and any pressure
The pressure distribution in each segment of the treghanges produced by these will simply add to the pressure
model is determined by the input pressure to that segmenfistribution associated with the steady part of the flow. An-
and the reflection coefficient at the downstream end of thether way of putting this is that the steady part of the flow is
segment. Thus, the analysis begins with the input pressurgffected only by the resistance of the vascular tree, while the
Po(t) to the root segment, which is the input to the entireoscillatory part is affected by its impedance.
model. For the purpose of wave propagation analysis, the In order to demonstrate the effects of peripheral events on
form of py(t) is appropriately taken as a single harmonic, andthe pressure distribution along the root segment of the tree
it is more convenient to put this in the form of a complex we calculate the pressure distribution in that segment first
exponential: using the properties initially assigned to vessel segments,
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FIG. 2. See Fig. 4 caption. FIG. 4. The pressure amplitude distribution is depicted in Figs.

2-4 for the root segment of the tree model in Fig. 1. The curves
then with modified properties. In the latter step we considemwith open circles show the distribution under originally prescribed
two scenarios: one in which the peripheral vessels in the lastonditions, those with dots show the distribution when peripheral
four generations are constrictédiameters reduced by 50%  vessels are constricted, and those with crosses show the distribution
and one in which the same vessels are stiffgmeddulus of ~ when the peripheral vessels are stiffened. The distributions shown
elasticity increased from I0to 1¢° g cm/$). in the three figures correspond to I¢lv Hz), moderatg5 Hz), and

The calculations are repeated at three different frequerfligh (10 H2 frequency, as indicated in each figure.
cies, representing lowl Hz), medium (5 Hz) and high
(10 H2 frequencies, while the results are shown in Figs.Nicols and O’'Rourkg18] state that “Palpation of the arterial
2—4. The reason for using different frequencies is that theulse is a routine part of the clinical examination, rooted in
cardiac pressure wave consists of a series of harmonic conantiquity,” and “Changes in contour of the arterial pulse are
ponents with a wide range of frequencies. The range ofisually due to changes in vascular properties, with relatively
1-10 Hz is generally believed to represent the major sampliess or more, or relatively early or later, wave reflections.”
of frequencies contained in the composite wave. The resultd,he purpose of our analysis is to demonstrate how this can
as illustrated in Figs. 2—4, indicate that the distribution ofhappen and, in doing so, give credence to this concept and
pressure amplitude along the root segment of the vasculdhe fact that such events are available for sensory transduc-
tree model changes considerably when the peripheral vesséon.
segments are constricted or stiffened. We note that the
change occurs at all three frequencies. It thus follows that a
composite wave consisting of harmonic components with
this range of frequencies will change its shape along the root We have used an arterial tree model to demonstrate that
segment of the tree. Our hypothesis is that this change wiljjlobal events, far downstream of the aorta, can almost in-
be sensed with smart baroreception associated with a strip atantaneously cause significant alterations in the blood flow
sensory neurites spread along that segment. regime at the aortic level. The accumulated effect of back-
The underlying concept, that changes in vascular propemward traveling waves, generated by reflections from branch-
ties can be ‘sensed’ upstream, is not a new one. Indeedhg points in the arterial tree, is shown to have a surprisingly
large impact on the aortic pressure distribution. In this way,
dynamical information can be relayed from the arterial tree
1.3f 5Hz 1 periphery and focused at the level of the aortic arch where it
12} ] is sensed as aortic wall distortions by the strip of mecha-
®e nosensory neurites found on the aortic inner arch. The speed
by which the wave reflection effects from the outer periphery
reach the inner aortic arch is fast enough to affect adrenergic
cardiac motor neurons regulating short-term heart rate varia-
tion [19]. We have termed this sensing “smart” baroreception
in order to distinguish it from carotid “point” baroreception.
Although much work needs to be done to quantify the role

VI. CONCLUSIONS

1.4

pressure amplitude

061 1 of smart baroreception in cardiac control, it is shown here
0.5 ; that smart baroreception strongly depends upon arterial tree
. . . . properties such as elasticity and geometry. Changes in these
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mormalized distance along root segment properties could prompt smart baroreception to inappropri-

ately reset in much the same way that carotid bulb barocep-

FIG. 3. See Fig. 4 caption. tors are known to reset in response to underlying arterial

051914-4



“SMART” BARORECEPTION ALONG THE AORTIC.. PHYSICAL REVIEW E 70, 051914(2004

stiffening ([5,6]). For example, stiffening of the thoracic aor- ciated with resistance vessel remodel[2§] and altered ar-

tic wall would cause a relative reduction in local wall distor- terial pressurg21] known to accompany essential hyperten-
tion and a reduced capacity to transduce aortic pressurgon.

events. This altered state might be analogously overcome by

increasing reflex drive to cardiac sympathetic efferent neu-

rons with the aim of reestablishing previously “normal” aor- ACKNOWLEDGMENTS

tic wall deformation. The result would be a higher than nor-
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