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Aortic function in clinical cardiology:
New applications of classic concepts

Harisios Boudouias, Charles F. Wooley

Division of Cardiolagy, The Ohio State University Medical Center Columbus, Ohio

Traditionaily, the clinical diagnosis of aortic
disorders was based upon the recognition of
overt complications (aortic dilatation. aneu-
rysm, caloification, or dissection). Improved
imaging techniques and measurements of aortic
elastic properties provide clinical markers rede-
fining aortic function and dysfunction at earlier
stages of aortic disorders'. Thus, it is well appre-
ciated Loday (hat the aorta does nat only serve a
conduit function but plays an important role
modulating left ventricular performance, myo-
cardial perfusion and arterial funclion throug-
hout the entire cardiovascular system'. Recent
developments in cardiovascular technology pro-
vide the bases for reproducible clinical determi-
aants of aortic function and dysfunction. As a
result, the role of the aorta in health and disease
processes and the efect of therapeutic interven-
tions on the elastic properties of the aorta has rc-
ceived increased attention.

CARDIOVASCULAR EFFECTS
OF AORTIC DYSFUNCTION

Storage capacity: The gorta expands during
left ventricular systole and recoils during diasto-
le. A large proportion of the left ventricular stro-
ke volume is stored in the aorta during left ven-
teieular systole under normal conditions, while
during diastole the stored blood flows into peri-
phoryt*3. This function of the aorta is important
for maintaining blood flow and pressure throug-
hout the cardiac cycle (Fig. 1)!. Aortic storage ca-
pacity is directly related to the clastic properties
of the aorta and 15 diminished or lost in different
disease states and in the elderly (Table |

Arterial pressure - pulse waves: The cjection
af blood fram the left ventricle during systole ge-
nerates pressure and pulse waves thal are percei-

Table 1, Conditions with abnormal elastic properties of
the aorta’

- Hyperinsulinemia

- Endothelial dysfuncion

- Diabetes mellis.

- Actecial hypertension

- aging

- Atheroscterosis

- Decreased vasawvasorum flow
- Marfan syndrome

Congestive heart failure
Cardiac transplantation
Aortic regurgitation

Floppy mital valve, miteal valve protapse, mitral
walvalar regurgitation

* Modified from Ref. |

ved in peripheral vessels as arterial pressurc and
arterial pulse respectively. The pulse wave velo-
ity. defined as the speed with which the pulsc
wave travels in the acrta, is direcily related (o
the elastic properties of the aorlic wall. A decrea-
se in the elastic propertics of the aoria causes an
increase in puise wave velocily, while an increa-
se in aortic clasticity causes a decrease in pulsc
wave velocity'*, When the puise wave reaches
the periphery it retumns back to the ascending
gorta. Normally the reflecting waves veach the
ascending aorta earty in diastole: this results in
the formation of the diastolic wave (Fig. 1, upper
panel)t3, Reflecting waves which reach the aortic
valve early in diastole facilitate coronary blood
Mow. When the eiastic properties of the aorta are
diminished and the pulse wave velocity increa-
ses, the reflecting waves from the periphery re-.
turn earlier into the ascending aorta, fuse with '
the systolie part of the pulse, and result in an in-
crease in pulse pressure. a late systolic peak in
the pulse. and the disappearance of the diastolic
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Fig. 1. Upper panel: During left ventricuiar systole the
aaria expands (shown with rad color) and a large pro-
portion of sircka volume s stored In the aorta. During
distote aortic pressurs is falling, the aorta recoils and
the stored bioad flows into pariphery. The fong black ar-
row sfows schamalically the velocity of the pulse wave.
When the puise wave reaches the periphery. It returns.
back to the ascending aona. Normally, the reflacted wa-
ves reach the ascending aorta early in diastole; this re-
suls In the formatian of the diastolic wava (DW). Lower
panel: Tha storags capacity of the aorta is related to its
elastic proparties; large propartion of storage capacily is
lost in diseass states and in elderly Individuals (red dot-
ted iina is almost superimposed on the biack line). The
reflected waves (red halicaid amaws) are also shown.
When the elastic properties of the aorta are dimirished
and the pulse wave veloclty increases, the reflocted wa-
ves from the periphery retum earlier Into the ascending
sorta, fuse with the systolic part of the pulse, and result
in an increase In puise pressure,  fate syslolic peak in
1 pulse, and the disappearance of the DW. Nate that
the velocity of reflected waves in the stiff aorta Is faster
{lowr panal). The shapss of the arterial puise In elastic
{upper panalj and stiff aonia (ower panel) are also
shown. (From Ret. 1).

wave (Fig. |, lowor panef). A decrease in com-
pliance of the aorta will result in an increase in
aortic systolic pressure, a decrease in aortic dia-
stolic pressure, and an increase in pulse pressure.
‘The result is an increase in left ventricular work.

Left ventricular work: Studies have shown

that left ventricular-vascular coupling is an im-
portant determinant of left ventricular perfor-
mance™. In patients with Ief ventricular dys-
function without appropriate adaptation of the
vasculatre, overall circulatory performance
may not improve and in fact may be diminished
despite positive inotropic intcrventions's.

Myocardial flow: Aortic function is an im-
portant determinant of myocardial perfusion.
Indecd. experimental studies indicate that de-
creased sortic distensibility has a detrimental of-
fect on the dynamics of coronary flow and has an
aggravating effect on myocardial ischemia in the
presence of corenary artery sienosis’.

Vascular damage: Augmentation of the pulse
pressure 1n the stiff aorta will result 1n an increa-
se in diastolic-systolic cxpansion of the peripher-
al arteries. and an increase in maximal blood ve-
locity in the arteries during systole; this increa-
sed pulsatile stress will promote the develop-
ment of vascular damage (Fig. 2)'. Indecd, isola-
ted systolic arterial hypertension is associated
with high morbidity and mortality’,
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Fig. 2. Cardiovascular efiects of abnormal elastic func-
ton. LV = left ventricutar; CBF = coronary blood flow;
PUY = pulsa wave velocily: | = Increase; | ~ decrease
(From Rot. 1)
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FACTORS DETERMINING AORTIC FUNCTION

Any change in structure of the arterial wall
may result in abnormal aortic function142, In
experimental animals, changes of the arterial
wall structure during the progression and regres-
sion of atherosclerosis paralel indices of aortic
elastic properties!*14, Regression of atheroscle-
rosis resulted in improvement of the efastic pro-
pertics of the aorta and vice versa. Similar fin-
dings have been reported during the develop-
ment and treatment of arterial hyperten-
sion!1>.

Abnormal aortic function, hawever, may be
present in cases where structural abnormalities
of the zortic wall cannot be precisely defined
with contemporary technology'. For example.
acute changes of biood supply 1o the aortic wall
associated with decreased vasa vasorum flow re-
sult in aortic dysfunction's.

Endothelium derived relaxing factor, endo-
thelin, atrial natriuretic peptides, catecholami-
nes, and prostaglandins may alter the elastic pro-
perties of the aorta directly by their effects on
the smaoth muscle of the aortie wall, and indi-
rectly by their effects on vasa vasorum flow. Jn
addition, the autonomic nervous system may
play a significant role in the determination of the
aortic wall funclion by direct effect on the
smooth muscle, vasa vasorum flow, or neurohor-
monal activation!

ASSESSMENT OF THE ELASTIC PROPERTIES
QF THE AORTA IN VIVO IN MAN

For a spring that obeys Hooke's Law, the de-
formation varies in proportion to the applied
force. The greater the force the greater the dis-
Lortion (Fig_3). If the magnitude of force exceeds
the elastic limits of the material. the force-
deformation relationship becomes  nonlinear,
and if the foree increases further, rupture of the
materiat occurst”.

The same principles that apply 1o other ma-
terials apply to the aortic wall as well. [ncreasc in
force (zortic pressure) will result in an increase
in aortic diameter or volume. Within certain li-
mits. the greater the change of the aortic pressu-
re, the greater the change of (he aortic diameter.
The determination of the clastic properties of
the aorta is based on the changes of the aortic
dizmeter in relation to the changes of the aortic

"
'

Fig. 3. Panel A: For a spring thal obeys Hooke's Law,
the deformation varies in proportian fo the appled farce.
Panel B: A typical siress-strain curve. Stress ls shown In
the vertical and strain is stiown In the horizontal axis.
Hooke's Law applies i tha linear elastic fegion; the rela-
tionshlp becomes non-linear i the magnitude of the for-
ce s greater than the elastic limits of the material {dotied
ting), and If the force Increases further, rupturs of the
material occurs (X). Panel C: The aortic wall and o the
prassure applled on the wall (heavy arrows indicate
greater pressure). The expansian of the aorta is (within
fimits) praportionsl 1o the applied pressure. Principles
and formulas used in physias can be applied to the aor-
ta. {Fram Ref. 26).

pressure?1822. Further, it is known that the velo-
city of a fluid in a tube s related fo the elastic
properties of the wall of the tube and the specific
pravity of the fluid. Thus, pulse wave velocity
<can be used to estimale the elastic properties of
the aorta (Table 2)356.

Techniques (hat provide accurate definition
of the aortic dizmeter or volume in systole and
diastole can also be used for the evatuation of .
the clastic properties of e aorta at any fevel
(Fig. 4)°. Based on the changes of the aortic dia-
meter and the aortic pressure, several indices has
ve been used 10 assess the elastic praperties of
the zorta. A commonly used index is aortic dis-
tensibility which can be calculated using the for-
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Table 2. Aortic elastic proparies”

Techniques
- Carotia-femoral pulsc tracing
- Aanic input impsidance
- Echocardiography
- Teansthoracic
- Transcsophageal
- Intravaseular
- Doppler
- Magnetic resonance imaging
- Radionuclide angiography
~ Ultra-ast computer tomogranby
- Contrust carthoongiography

* From Ref.
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AQRTIC DISTENSIBILITY Ghange of the gortic

diameter / change of blood pressure

PULSE WAVE VELOCITY Veloclty of the puise
‘wave from point Ato B

Fig. 4, Aortic distensibility can be measured at any level
of the aorta. Pulse wava velocity Is measured from the
lett carotid artery to the let femoral artery; polnt A to B.
{Modified from Ref. §),

mulay

Aortic distensibility = 2 (changes in aortic
diameter)/{diastolic aortic diameter). (pulse
pressure). 106, dynes! €180, At present (ranstho-
Tacic echocardiography is an accessible method
applied in clinical practice'4 % In addition, con-
trast acrto-venlriculography performed during
diagnostic cardiac catheterization, transesopha-
geal echocardiography, ultrafast CT, and magne-
tic resonance imaging can be used for the evatua-
tion of the clastic properties of the aorta' "

Pulse wave velocity can be estimated from
the simuttancous recordings of the carotid and
femoral arterial pulses or Doppler flow signals
and the electrocardiogram ¢, The time from the
beginning of the QRS to the upstroke of the left
carotid arterial pulse, and the time from the be-
ginning of the QRS 1o the beginning of the lefi
femoral arterial pulse arc measured. An alterna.
tive method involves the use of Doppler Mow ve-
locities of the carotid and femoral arteries to

measure the beginning of the respective flow ve-
locities. Pulse wave velocity is caleulated as the
ratio of the time required for the pulse wave or
the Doppler velocity signal to travel from the ca-
rolid ta the femaral artery to the measured dis-
tance from the carotid artery 1o the femoral are-
Ty (Fig. 41

CONDITIONS WITH ABNORMAL ELASTIC
PROPERTIES OF THE AORTA

Abnormal clastic properties of the aorta ha-
ve been reported in a number of disease slates
and clinical disorders'33/21522 Some of them
are shown in Table I,

CLINICAL IMPLICATIONS

There are soveral clinical implications rela-
ted 1o the analysis of aortic function. Some of
them are summarized.

Definition of aortic disease: Aortic function
may be grossly bnormal even in circumstances
where the siructure of the 2orta as defined by
contrast aoriography. (ransthoracic. or transeso-
phageal echocardiography, magnetic resonance
imaging, or other imaging Lechniques appears
normal!. Thus, determination of the gortic dis-
tensibility may be 2 much more sensitive indica-
tor of an early aortic disease process

Monitor natural history of diseases: Sequen-
tial determinations of the clastic praperties of
the aorta may assist in understanding the role of
the aorta in systemc disease and to monitor the
naturat history of the disease process. The expe-
rimental studies showing that the histologic
changes of the arterial wall during the develop-
ment and the regression of atherosclerosis and
treatment of arterial hypertension parallel the
observed changes in aortic elastic property indi-
ces support this premise! IM53,

Assessment of therapentic interventions:
Pharmacologic agents may alier the elastic pro-
pertics of the aorta acutely by their effect on aor-
tic smiooth muscle cells, vasa-vasarum flow, alte-
rations of the disease process, or combinations
of these activities. Determining the specific
pharmacological offects on aortic elastic proper-
ties may be helpful in the developing, selecting, -
ar targeting pharmacologic agents in discase sta.
tes manifested by aortic dysfuntiont1516z2

Regurgitant valvular disease: Decreased aor-
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tic distensibility may precipitate lefl ventricular
dilatation and left ventricutar dysfunction in pa-
tients with aortic or mitral valvular regurgita-
tion!. Patients with aortic regurgitation who re-
quired valve replacement had lower aortic dis-
tensibility when compared to paticnts who did
not require valve replacement' %5, Thus, deter-
mination of aortic distensibility may be useful in
the global approaches toward understanding the
natural history of patients with chronic aortic re-
pucgitation or chronic mitral regurgitation,

CONCLUSION

Clinical evaluation of the elastic propertics
of the aorta will further our understanding of to-
tal cardiovascular function in health and disease
states. Abnormal efastic properties of the aorta
may precede the clinical manifestations of disea-
se, and serial determinations may be used 1o fol-
low the progression ar regression of the disease
process. Certain therapeutic interventions alter
the elastic properties of the aorta; improving the
elastic properties of the aorta may be beneficial
in altering the nawral history of disease.

For all these reasons, we anticipate routine
use of methods evaluating the elastic properties
of the aorta in clinical practice in the near futu-
re, much as evaluation of ventricular function is
used today!24.%,
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